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Résume

Dans le contexte géneral de I'industrie européenne de la nanoélectronique, il est nécessaire
de développer de nouvelles techniques et de nouveaux instruments de caractérisation sous
pointes pour la validation précise et fine de circuits destinés a des applications haute fréquence
(HF). Pour faire progresser la miniaturisation des dispositifs a haute fréquence, de nouvelles
questions métrologiques liées a la caractérisation dimensionnelle et électrique doivent étre
abordées. Un instrument universel de caractérisation des dispositifs a radiofréquences (RF)
consiste en un analyseur de réseau vectoriel (VNA), une station de mesure équipée d’une paire
de sondes micro-ondes Ground-Signal-Ground (GSG) alignées manuellement ou
automatiquement au moyen d'un microscope ou d'un systéeme de caméra sur des substrats
d'étalonnage et des dispositifs sous test (DUT). Les structures de test RF conventionnelles
nécessitent des tampons (structures de contact) spécifiques pour s'adapter a la géométrie de la
pointe de la sonde. Le positionnement de la sonde sur la structure de test CPW géneére des
erreurs de mesure de désalignement qui affectent la reproductibilité de la mesure. En outre, les
dispositifs présentent des impédances extrémes par rapport a I'impédance de référence 50 Q du
VNA, ce qui se traduit par une sensibilité et une précision de mesure médiocres.

Pour relever ce défi, une nouvelle station de mesure sous pointe entierement automatisée et
robotisée a été concue et construite a partir de zéro. Les sondes de mesure ainsi que le porte
échantillon accueillant le dispositif sous test sont montés sur des nano-positionneurs
piézoélectriques du constructeur SmarAct®. La vision du contact sondes — au — composant sous
test est assurée par une caméra microscope haute résolution. Un analyseur de réseau vectoriel
Streamline Keysight® a été intégré a la station afin d’obtenir une solution compacte au plus
pres des sondes et réduire ainsi les erreurs non systématiques inhérentes aux variations de
I'environnement. Enfin, un programme de pilotage des sondes et du porte échantillon
automatique basé sur la reconnaissance d’image a été développé avec le logiciel LabVIEW ™.

Mots clés: mesures hyperfréquences, mesures sous pointes, analyseur de réseaux vectoriel,
métrologie haute fréquence, calibration, tracabilité électrique, nano-robotique, automatisation.

Abstract

In the general context of the European nanoelectronics industry, it is necessary to develop
new on-wafer characterisation techniques and instruments for precise and accurate validation
of circuits designed for high-frequency (HF) applications. To advance the miniaturisation of
HF devices, new metrological issues related to dimensional and electrical characterization must
be addressed. A universal instrument for the characterization of RF devices consists of a vector
network analyzer (VNA), a measurement station equipped with a pair of ground-signal-ground
(GSG) microwave probes aligned manually or automatically using a microscope or a camera
system on calibration substrates and devices under test (DUT). Conventional RF test structures
require contact pads to adapted to the probe tip geometry. The positioning of the probe on the
CPW test structure generates misalignment measurement errors that affect the reproducibility
of the measurement. In addition, nanodevices have extreme impedances compared to the VNA's
characteristic impedance of 50 Q, resulting in poor measurement sensitivity and accuracy.

To meet this challenge, a new fully automated and robotic on-wafer probing station was
designed and built from scratch. The measurement probes as well as the chuck hosting the



device under test are mounted on SmarAct® piezoelectric nanopositioners. The view on the
probe-to-DUT contact is provided by a high-resolution microscope camera. A Keysight®
Streamline vector network analyzer was integrated into the station to obtain a compact solution
close to the probes in order reduce the non-systematic errors inherent in environmental
variations. Finally, a program for driving the probes and chuck, based on image recognition,
was developed with the LabVIEW™ software.

Keywords: high frequency measurements, on-wafer measurements, vector network analyzer,
high frequency metrology, calibration, electrical traceability, nano-robotics, automation.
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General Introduction

The ongoing technological progress in the nano-electronics field, especially the
miniaturization of radio frequency (RF) devices is essential for the development of new and
innovative technologies, such as 5G communications, cellular 10T, artificial intelligence and
other digital devices operating at very high frequencies. To further advance this miniaturization,
metrological locks related to dimensional and electrical characterisation must be addressed and
lifted. One of the main challenges is the precise and accurate on-wafer measurement of the
electrical properties of micro- and nano-devices, taking into account the high industrial
demands in terms of measurement time; rise of the devices’ frequency; probes tip size and
calibration techniques.

Many national and international institutions are at the heart of this challenge. This work is
funded by the Nano Plan 2022 as part of the IEMN/STMicroelectronics® joint laboratory,
which is included in the European structuring process IPCEI (Important Project of Common
European Interest) on microelectronics. The work is also part of the European TEMMT project
(Traceability for Electrical Measurements at Millimetre-wave and Terahertz frequencies for
communication and electronics technologies), which aims at establishing traceability to the Sl
for measuring S-parameters, power and complex permittivity of dielectric materials, at terahertz
frequencies. The EURAMET joint research project is funded by the European Union’s Horizon
2020 under the European Metrology Program for Innovation and Research (EMPIR). The
project is running from May 2019 to April 2022, involves 16 European organizations and 3
international organizations. In addition, there is a joined effort from many international
institutions’ teams that are dedicating their work to the advancement of on-wafer
characterization: the National Institute of Standards and Technology (NIST) in the USA, the
German National Metrology Institute (PTB) in Germany, the Dutch National Metrology
Institute (VSL) in the Netherlands, the National Physical Laboratory (NPL) in the UK, The
Federal Institute of Metrology (METAS) in Switzerland and the National Institute of Advances
Industrial Science and Technology in Japan. Therefore, there is a strong ecosystem allowing
on-wafer characterisation to advance.

New instrumentation must enable the precise and accurate validation of electrical models
dedicated to the design of circuits for high-frequency applications up to the millimetre-wave
range. Indeed, in order to establish electrical models used in computer aided design (CAD)
software, it is necessary to precisely characterize micro- and nano- devices in coplanar
waveguide (CPW) technology. The conventional instrument used for the on-wafer
characterization of RF devices consists of a vector network analyzer (VNA), a probe station
equipped with a pair of ground-signal-ground (GSG) microwave probes. The probe station
could be manual, semi-automated or automated. A vision system, typically a camera augmented
with a microscope, is used to align the probes on the calibration substrates or the devices under
test (DUTs). The DUT is positioned on a sample holder, called the chuck using a vacuum
system. Manual on-wafer probing stations become quickly limited in the measurement of
extreme impedances devices. The alignment of the probes on the contact pads is done manually
by the operator. Accurately aligning the probes is hardly achievable, requires a trained operator
and a long measurement time. Small misalignments of the probes lead to uncertainties that will
degrade the quality of the measurement. Industrials have been using automated (or semi-
automated) probe stations to tackle the precise alignment problem. However, a study of the
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available stations showed that one micrometre precision is achieved at best. Such level of
precision might not be adapted for extreme impedances measurements yet (capacitances of a
few femto-Farad for example).

This work aims to develop an innovative new generation of on-wafer probe station and the
associated instrumentation for high-frequency characterization of microwave and millimetre-
wave devices. The station is

1- robotics: using nano-positioners based on piezo-electrical technology from SmarAct®.
The RF probes are mounted on four nano-positioning stages: X, Y, and Z stages for translation
with 1 nm resolution, and a 0 stage for rotation with 25 p° resolution. As for the chuck, it is
mounted on three nano-positioning stages: X and Y in translation and ¢ in rotation with the
same resolutions,

2- automated: the station allows two positioning modes: manual and automated. The
SmarAct® positioners can be controlled manually with a manual joystick that lets the operator
control and position the stages manually. The joystick also allows to change the parameters of
the stages (displacement mode, speed, acceleration, frequency...). The nano-positioners can
also be controlled automatically using a dedicated LabVIEW™ library to execute automatic
movement sequences,

3- compact: in order to minimise measurement uncertainties inherent to instrument noise
and cable torsions, we chose the Streamline VNA from Keysight®, a compact table VNA
placed as close as possible to the probes via flexible and high phase stability MegaPhase-
UtraPhase™ cables.

The automated and robotic probing station is developed from scratch. In the following, we
will give an overview of the development timeline as well as the challenges that were
encountered during the development of the instrument. At the beginning of the project, only a
few elements were available: the nano-positioners, the metallic structure of the station and the
mechanical drawings.

- The first months of the three-year period time were dedicated to understanding how the
nano-positioners work. Several studies were conducted, especially on the displacement mode
to be considered for our application.

- Parallel to that, a careful market study was done regarding the rest of the equipment needed:
VNA, vision system and optical table. Once the right equipment was selected, it was delivered
only a year later (budget, delivery time).

- Another challenge that was faced during the first year of the project is the development of
a robust connection between the probes and the nano-positioners. Although the mechanical
drawings of the pieces were available, we had to find the right materials and the right
configuration to achieve the best performance. We also had to develop a fixation system for the
DUT. Indeed, the chuck of the station does not to integrated a vacuum system. Hence, we
designed specific 3D printed PLA fixations. Those fixations were later replaced by metallic
screws, allowing a stronger fixation.

- The first instrument acquired was the Streamline VNA. During the next months of the first
year, we worked on the VNA. Especially, a noise study was undertaken during the second year
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in order to quantify the VNA’s performance. In addition, the automated control of the VNA
under LabVIEW™ Software was devemoped.

- As a complementary work, during the second year, we worked on the development of a
low-cost six-port demodulator aiming at making a new measurement instrument that would be
more suitable for the measurement of extreme impedances.

- The two last components were delivered at the end of the second year: the optical table and
the camera-microscope. A long mechanical design process started in order to connect all the
different parts of the system together. The camera is positioned over the probing station. It
required the design and fabrication of an optical bridge. The bridge was designed to respect the
working distance of the camera. A careful study was needed. The optical table had to be
installed as well as the compressed air pump.

- The third year was dedicated to the development of a robust automation program. Each
part of the program was developed and tested separately. The GSG probes need to be
manipulated with great care and many safety options had to be integrated gradually. Other
challenges were faced at this point: probe collision with the DUT during testing, poor DUT
fixation to the chuck, complicated and time-consuming replacement of the damaged probes. In
addition, many automated probing solutions were considered: RF signal detection, image
recognition, DUT mapping. Each solution was studied and tested. Image recognition using a
LabVIEW™ module was selected at the end. Last months were dedicated to the program
optimization and final measurements.
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Structure of the manuscript

In the first chapter, on-wafer probe stations are described. In particular, the main sub-systems
of manual and semi-/fully automated on-wafer stations are described. Indeed, on-wafer probe
stations consist mainly of a pair (or more) of Radio-frequency (RF) probes aligned on the
Devices Under Test (DUTS) either with manual and mechanical positioners or with automated
or semi-automated positioners using a vision system, typically a camera. The probes are
connected to a Vector Network Analyzer (VNA) to determine the DUT electrical parameters,
namely the S-parameters. The chapter also describes the main challenges faced considering on-
wafer measurements. In particular, precise landing and alignment of the probes on the access
pads of the DUTs remain still the largest source of measurement uncertainty. In addition,
skating of the probes and planarization should be considered with great care. Some example of
commercially available on-wafer probe stations are also presented. Finally, evolution of the RF
probe technology is summarized as well as the actual academic work dedicated to enhancing
on-wafer measurements done mainly through National Metrology Institutes (NMIs).

In the second chapter, we describe the RF characterization tools and methods. In particular,
we define the concept of pseudo-waves (or power waves) and the related S-parameters,
fundamental quantities used to characterize an RF device or system. One-port networks and
two-port networks are also presented in this chapter. In addition, we describe the VNA
architecture, reference measurement instrument in RF measurements. Especially, VNA
calibration is described including calibration models and corresponding calibration algorithms.
Finally, de-embedding procedures are presented.

The third chapter is dedicated to the development of the automated and robotic on-wafer
probe station. The station is developed completely from scratch in both IEMN / IRCICA
laboratories. First, we present the nano-positioning stages identified for building the
nanorobotics part of this work. It is important to understand how they work in order to optimise
the design correctly. A series of tests on the positioners are shown. In particular, the speed, the
acceleration, the frequency, and the static drift of the positioners are considered. The chapter
also describes all the components used to build the station (mechanical parts and RF
instruments) as well as the challenges faced during the development. In addition, the first
positioning and drift results of the station are shown. Finally, the automated calibration process
is described. The program is based on image recognition and automated placement of the probes
on the calibration substrate.

In the fourth chapter, we present different RF measurements results. First, a probe-to-pad
repeatability study is performed considering a conventional manual on-wafer station, based on
mechanical positioners. This preliminary benchmark is required as starting point to estimate the
actual and overall performance. Residual error terms of 10 successive calibrations are
propagated to extreme complex impedances in order to evaluate the influence of the probe-to-
pad realignment on the measurement uncertainties. We show that precisely controlling the
probes drastically reduces the measurement uncertainties. In a second step, we present the
performance of the robotic positioners. Following the same methodology, we analyse the
residual calibration error terms obtained through a manual but robotic repeatability study on the
developed station. Also, an approach/retract study is shown. Using the RF signal during the
probe’s landing on the DUT could help to solve the skating/overtravel dilemma. Finally,
automated and robotic calibration using the final version on the station is presented. We
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demonstrate enhanced measurement uncertainty decrease when using image recognition during
the alignment procedure.

Finally, in the fifth chapter, we present some additional studies that have been done in order
to enhance the overall on-wafer measurements. Especially, a six-port 1Q demodulator is
designed and characterized. We show that using a Fourier based method, we can extend the
operation frequency operation of the six-port junction. Also, we present VNA noise evaluation
and electromagnetic (EM) simulation of the calibration substrate. The aim is to use six-port
technology to bring the measurement instrumentation as close as possible to the probe, solving
the impedance mismatch problem and the EM simulation to optimise the probe position of the
calibration standards. Indeed, realigning on nano-positioners allow to align the probes with a
few nanometres precision. EM simulation results could indicate the most optimal influencing
parameters.
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Chapter 1

1. State of the art — On-wafer probe station
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Introduction

This chapter introduces the general context related to radio-frequency (RF) on-wafer probe
station. The building blocks of a conventional probing station are presented as well as
commercially available probe stations. A short overview and focus on RF Ground-Signal-
Ground (GSG) probes are also described.

The demand on the semiconductor industry is still very high. According to the 2020 edition
of the International Roadmap for Devices and Systems™ (IRDS) report, consumer electronics
grew 10% in 2019 (year over year) and achieve 13% in 2020. In 2022, it was forecasted to grow
to $420B [1]. This evolution is due to the growing need for new microwave, mm-wave and THz
technologies to provide faster and more reliable services, devices and security applications.
Increasing the operating frequency together with demand of frequency agile solutions call for
new accurate and reliable characterization techniques. In particular, S-parameter measurement
and calibration procedures are crucial steps in the integrated circuits design and debug process

[2].

An on-wafer probing station is a well-established measurement equipment in the
semiconductor industry and in multiple research fields. The main usage concerns the on-wafer
electrical test for RF circuits and devices. Industrial probing stations need to be fast, accurate
and scalable (in terms of frequency of operation, wafer size) in order to make the time-to-market
as low as possible. We can hence, find semi-automated to automated probing station in the
semiconductor industry. Sophisticated probing stations with automated probers and image
recognition of probe to pads alignment are nowadays used to speed up the process. Those
technologies are presented in more details later in this chapter. Manual probe stations can be
found mainly in research facilities. As their cost is lower than semi-automated and automated
stations and measurement time is not the main issue here, it makes them a better choice for
research purposes. They are, however, less accurate in terms of probe alignment. Some research
facilities however, are developing new automated solutions for precise on-wafer
characterisation. The VSL-Dutch Metrology Institute in Netherlands and the National
Metrology Institute in Japan are currently developing these promising solutions.
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1.1 Basic probing station components

Figure 1.1 shows a representation of a conventional on-wafer probing station. The on-wafer
device, circuit or system to be characterized, commonly called Device Under Test (DUT), is
positioned onto a rigid and planar metallic support (Chuck) and is kept in place using a vacuum
pump. The chuck can be made from other material, for example insulating material depending
mainly on the DUT dielectric characteristics. The RF contacting between the contact pads of
the DUT, usually in coplanar waveguide (CPW) form, and the RF measurement system is done
through RF cables and probes. The probes come in different types according to the application
and the dimensions of the DUT. In all cases, the probes are moved and aligned on the DUT to
perform the measurements. An optical camera on top of the system allows the alignment of the
probes. The probes are mounted on probing arms, also called positioners. These positioners can
be manual, using precision mechanical screws or they can be semi-automated or fully
automated. Typically, they provide four movement stages, X and Y direction for horizontal 2D
translation, Z direction for vertical translation and 6 for rotation. Figure 1.2 shows a schematic
of the probe’s movement axis. Finally, the probes are connected to the measurement system
such as Vector Network Analyzer (VNA) using RF coaxial cables and connectors. By sending
input RF signals, i.e. incident waves to the DUT, reflected or/and transmitted signals, i.e.
emergent waves, are measured by the VNA.

Camera output

Camera
or
Microscope
Mechanical
positioners

Probes

00 000 000
00 OO0 DOO
B 00 000 OO0

|

(111
(111

VNA

DUT

Manuel Probing Station

Figure 1.1 Representation of a conventional RF on-wafer probing station.
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Figure 1.2 A schematic of the probe’s movement axis.

1.2 Probes to pads alignment

The alignment of the probe’s tips to the contact pads of the DUT is a crucial element to
achieve good and accurate measurements. A proper alignment is hence necessary.
Misalignments caused by tilt, rotation or translation offsets of the probe lead to non-systematic
measurement errors that cannot be corrected by a calibration procedure. Figure 1.3 shows a.
good alignment b. translation offset c. rotation offset. This is a common problematic faced when
using manual probing stations. Such measurements are very operator dependent (hand
vibrations, physical state, sight, experience...). Semi-automated and automated probing stations
have tackled this issue by removing the operator from the alignment process. As it will be
described in detail later, the state of the art solutions provide micrometer displacement accuracy
in X, Y and Z translations, at the best.

(a) (c)

Figure 1.3 Schematic of probe tips alignments (a) no offset (b) translation offset (c) rotation
offset.

This work is focused on developing a new generation of an RF on-wafer probe station
oversized in terms of probe displacement accuracy, in the nanometre range (3 orders better than
existing commercial solution), with ultimate objective to address extreme impedance
measurements, such as sub-femto-Farad (fF) capacitance characterization. In particular, the
proposed new probe station, built from scratch, is based on piezo-electric nano-positioning
stages to control mechanical movements of both the chuck and probes. Indeed, improving the
alignment process ensures the overall measurement accuracy and repeatability.
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Limitations of manual positioning are addressed in Chapter 3. In particular, we prove that
mechanical misalignment of the probe tips during the on-wafer calibration process can lead to
80% measurement uncertainty when measuring extreme impedances in the microwave range.
Another issue that is usually faced is the planarization. Repeated probing causes the probe tips
to wear out, hence, making them not in the same plane anymore, and increasing the
measurement uncertainties. Bad planarization can also be caused by irregularities in the DUT
surface or a shift in the probe’s tilt (Figure 1.4). Indeed, the tilt of the probe should ensure that
all probe tips are on the same plane. Prior to calibration and measurement, specific “contact
pads” are available on commercial calibration substrates to check that all tips are contacting or
not. All probe tips should leave a similar mark on the “contact pad™’. If not, the operator shifts
the tilt of the probe until the result is satisfactory. However, this procedure can be long, time
consuming and depends on the operator when done manually.

V—

Figure 1.4 Schematic of a tilted probe.

In addition to the misalignments of the probe onto the measurement pads, other parameters
can impact the overall performance, i.e. the overtravel and the skating of the probe onto the
surface of the contact pads of the DUT. By definition, the overtravel is “the continued
downward movement after the probe tip has made initial contact with the wafer. The skating is
the lateral skate distance of the probe tip corresponding to that overtravel” [3]. Figure 1.5 shows
a representation of the overtravel and the corresponding skating of the probe tip onto the
measurement pad. Usually, probe manufacturers advise the users to apply some overtravel in
order to ensure a good electrical contact. The amount of overtravel should be carefully
monitored in order not to damage the probe tips and the pads of the DUT. Very often, calibration
kit come with alignment marks that guide the user on the amount of overtravel to apply. Figure
1.6.a shows alignment marks from the Impedance Standard Substrate (ISS) 101-190C from
FormFactor™ and Figure 1.6.b shows the correct alignment of the probe tips for ACP and
Infinity probes from FormFactor™. The overtravel to be applied should be set before running
the vector calibration. This also greatly reduces the risk of collision between two probes in the
two-port calibration and measurements (when two probes are used simultaneously). The
importance and the influence of skating and overtravel in accurate and planar measurements
have been widely described in the literature [4], [5], [6]. Throughout this work, we keep
referring to the approach advised by the industrial manufacturer of the probes.
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Figure 1.5 Representation of the overtravel and the skating of a probe tip.
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Figure 1.6 (a) ISS 101-190C alignment marks (b) correct alignment of the probe tips of both
ACP and Infinity type probes [7].

1.3 Manual probing stations

Manual on-wafer GSG probe stations are used for testing RF planar devices, commonly in
CPW form, after the fabrication process. As mentioned in the introduction of this chapter, a
manual on-wafer probing station typically consists of an optical system such as camera
augmented with a microscope for monitoring the DUT, an RF probe system (one probe or more)
that can be positioned over the GSG pads of the DUT using manual and mechanical positioning
stages for adjusting the position of the probes. Finally, the DUT is mounted on a chuck that can
be also controlled and positioned under the probes. Manual on-wafer probing stations are often
used when the number of devices to be tested is relatively small.

There are several vendors that manufacture wafer probe stations. One of the most noteworthy
is FormFactor™ (previously Cascade Mirotech®). It provides precision and test solution for
the microelectronic industry. FormFactor™ offers a wide range of on-wafer probing stations
including manual, semi-automated and automated stations. We present some examples of
commercially available probe stations from FormFactor™. Some of the other wafer probe
stations manufacturers are KLA-Tencor, Advantest®, Onto Innovation® and Electro Scientific
Industries (ESI®). Those vendors provide test and measurement solutions for the
semiconductor and microelectronic industries especially for high-volume production testing.
The choice of the probe station depends mainly on the applications targeted. The technology
including frequency of operation, wafer size, measurement environment (air, temperature), and
expected measurement accuracy play a role in this choice.

As it is impossible to detail every existing wafer probe station, we consider representative
solutions to give a clear and general picture. Figure 1.7 shows the Cascade MPS150, 150mm
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multi-probe test, high speed, high accuracy system. It is used to test a wide range of integrated
circuits (ICs) such as memory chips and microprocessors. The MPS150 is highly flexible,
mouldable and configurable. The basic configuration includes different functionalities such as
RF Basic, mm-wave Basic, failure analysis or high power. It can be easily re-configured or
upgraded for new requirements or applications. It also allows quick and easy measurement
instruments’ integration. The MPS150 is a stable solution as it offers solid station frame and
vibration attenuation. It is known to incorporate best-known methods and hence allows highly
arcuate measurement results. It is designed to be very user-friendly and is also available for
education purpose, under the denomination “Education Kit”. Indeed, it ensures simple
microscope operation, quick and ergonomic change of the wafer under test and it minimises
training efforts. Finally, the travel range of the chuck is 150 mm x 150 mm (6 in. X 6 in.) in X
and Y directions together with a resolution of 5 um. The maximum diameter of the wafer is 150
mm. More details can be found in [8].

‘ > % Microscope

T . Application Starter Kit

Positioner Kit

[ ‘ Chuck

Base Station

Figure 1.7 MPS150 manual probe station from FormFactor™ [9].

FormFactor™ also propose the 200 mm systems. Among them, there is the Summit, a
manual/semi-automated probe system. As the MPS150, it offers high flexibility and ease of
use. Its semi-automated version enables high productivity and powerful automation tools thanks
to the eVue™ imaging system. These features will be discussed more in the following section.
In the 200 mm systems, we can also note the PM8 manual probe system, the EPS200RF manual
probe system for RF test up to 67 GHz or the EPS200MMW for testing up to THz and load-
pull. More details can be found in [10] [11] [12].

In the last paragraph, we focus specifically on the manual probe positioners available on the
stations cited above. They are a crucial part of the probe station, whether they are manual or
automated. The positioners hold the probes in place and align them over the pads of the DUT
during testing and measurement operations. We can identify three main type of manual
positioners: DC probe positioners, RF probe positioners and vacuum/cryogenic probe
positioners. Each type offers multiple advantages, each product having different dimensions,
travel range, resolution, applications and other features. As the core of this work is directed
towards accurate positioning for RF applications, we can mention that the typical resolution for
the RF probe positioners is around one um (>1 pm as announced by the manufacturer). Figure
1.8 illustrates some of the manual RF probe positioners from FormFactor™.

These manual probe positioners are designed to be highly precise, allowing users to position
probes with a high level of accuracy and repeatability. Nevertheless, as suggested by their
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commercial denomination, manual probe positioners require manual operations, which can be
slower and less precise than their automated counterparts. It may be an issue for applications
where high-speed testing or very precise positioning is required. In this work, we demonstrate
that manual positioners become quickly problematic for the characterization of RF extreme
impedances [13]. This kind of positioners is also very operator skill dependent. The
measurement accuracy and repeatability depend also on the dexterity and experience of the
operator. It is even more problematic when multiple operators are involved in the measurements
or when the operator is not well trained.

(b)

Figure 1.8 FormFactor™ manual probe positioners (a) RPP210 (b) RPP305 (c) EPP404 [14].

1.4 Semi-automated/automated probing stations

Semi-automated and automated probe stations unlike the manual one, are equipped with
automation features that enable some or all the aspects of the testing process to be carried out
automatically, such as the alignment of the probes over the pads of the DUT. This can reduce
the amount of manual work required and improve the measurement accuracy and repeatability.
The difference between semi-automated and automated is the degree of automation that is
embedded in the station. For example, the semi-automated stations still require manual
intervention in the initial alignment of the probes. Automated stations on the other hand, are
built with a high level of automation and do not need any manual adjustments. In short, they
are capable of carrying out the entire testing process without any intervention from the operator.
They are usually used in high-volume manufacturing environments where efficiency and time
saving are prioritized.

Formfactor™ offers a large choice of semi-automated and fully automated probe stations,
each one more or less adapted for a certain application. We will give some examples with the
most important features. In the 200 mm systems, we can cite the SUMMIT?200, represented in
Figure 1.9.a, an advanced semi-/fully automated probe station. The SUMMIT200 has been
designed for high accuracy and high-speed measurements on single or volume wafer. Some of
the applications targeted by the station are ultra-low noise, DC, RF, mm-wave and THz
frequency operation. It is equipped with PureLine (spectral noise cancelling), AutoGuard and
MicroChamber (low-leakage and low-capacitance measurements) technologies in order to
achieve high accuracy measurements. It also allows accurate RF/mm-wave measurements and
calibration with integrated tools such as WinCal XE™. As its name states, it has a 200 mm
stage and automated wafer handling. Finally, it comes with eVue™ digital imaging system,
allowing enhanced optical visualization and wafer navigation and with Velox Probe station
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Control Software to perform autonomous testing (alignment and mapping over multiple
temperatures). More details can be found in [15].

Figure 1.9.b represents the CM300xi, a 300 mm semi-/fully automated probe system. Like
the SUMMIT200, it is equipped with the constructor’s latest technologies to enable accurate
and repeatable measurements. The CM300xi probe station tackles challenges brought by
complex measurement environments. Some of the applications cover DC, AC and
RF/microwave device characterization and design debug. It also enables automated tests and
thermal measurements. More details can be found in [16].

(b)

Figure 1.9 FormFactor™ (a) SUMMIT200 (b) CM300xi [15] [16].

As for the manual station, the key element of the probing station is the nature of the probe
positioners. We can identify two type of automated or also called motorized probe positioners
developed by FormFactor™. For example, the motorized RF probe positioner RP504 for
autonomous RF, mm-wave and THz measurements is represented in Figure 1.10. It is
compatible with multiple probes and probe stations. Its resolution is around 1 pm (>1 um as
announced by the manufacturer). It enables fully autonomous and hand free measurements over
multiple temperatures. The second type is the motorized HexNano probe Positioners for
autonomous Silicon Photonics measurements. FormFactor™ offers a completely integrated
solution to measure photonic devices without further development. More details can be found
in [14].
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Figure 1.10 FormFactor™ motorized RF probe positioner RP504 [14].

1.5 Radio-frequency (RF) probe technology

RF GSG wafer probes are used to measure the electrical properties of RF devices integrated
onto CPW test structures, the so-called on wafer characterization. They allow relatively precise
RF characterisation of the electrical RF characteristics to ensure that the device meets the
required specifications. They are also used for design verification and quality control. RF wafer
probes can also help identify the cause of failures in ICs and improve the design and the
manufacturing process to prevent similar failure from occurring again.

Over the last three to four decades, RF probe technology witnessed an impressive progress.
Today’s technologies allow measurements up to 1.1 THz. RF wafer probes manufacturers are
constantly improving their technologies and including new features that cover a wide range of
applications: impedance matching, multiport, differential and mixed-signal measurement up to
110 GHz, temperature beyond 500 °C and down to 4 K, high-power measurements up to 60 W
in continuous-wave mode and THz and photonic applications.

In [17], the authors presented a complete review of the evolution of the RF wafer probe
technology. Based on [17], we present a brief history and cite the main advances through the
years.

The first notable study using RF probes up to 4 GHz was demonstrated in [18], where the
probes featured a 50-Q microstrip line with a short wire tip that connected the device under test
(DUT) pads through a hole in the probe substrate. In [19], this concept was investigated further
where the aim was to achieve repeatable measurements above 4 GHz. Soon, the development
of the 50-Q planar transmission line probe, allowed a significant breakthrough in the on-wafer
RF probe technology. It allowed bringing the 50-Q environment very close to the DUT pads.
In addition, the probe contacts were realized small as gold balls, allowing a reliable and
repeatable contact. Other specifications (probe planarization and shifting the measurement
reference plane to the tips of the probe) also became the “common rules” for decades regarding
the RF probe technology. In particular, moving the probe design from microstrip to coplanar
waveguide (CPW) simplified the fabrication process (Figure 1.11). Rapidly, Tektronix® made
the first RF probe considered as a real product for the RF semiconductor industry.
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Figure 1.11 Design of an on-wafer probe based on ceramic technology [17].

In Figure 1.12, authors in [17] show the evolution of probe technologies over the years. We
can observe an exponential increase in frequency capabilities of RF probes, the development of
new probe technologies and a list of probe manufactures. The figure may not show the exact
dates and has not been updated. Still, it draws an overall picture of the evolution of probe
technology.
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Figure 1.12 Evolution of the RF probing technology [16].

In the 1980s, Tektronix® developed the first RF probe model TMP9600 and the sapphire
calibration substrate CAL96 (Figure 1.13) [20], [21]. Later, they were followed by Cascade
Microtech®, which became the main supplier of RF probes to the industry after Tektronix®
stepped out of the probe business in the early 1990s. In order to meet the needs of the rapidly
developing monolithic microwave integrated circuits (MMICs), the frequency range of the
WPH probe quickly expanded to 26 GHz in 1987 [22] and to 50 GHz in 1991 [23]. In 1988,
Cascade Microtech® introduced a series of 26.5 GHz replaceable-tip probes (RTPs), improving
ease of use in volume-production applications by allowing a quick replacement of the ceramic
tip [24]. Despite their contribution to the microwave technology in the 1980s and 1990s,
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ceramic CPW line probes remained fragile and expensive, which led to their inevitable
replacement by alternative technologies as shown in Figure 1.13.

In 1988, GGB Industries® patented the RF probes based on micro-coaxial cables
(Picoprobe) [25], which offered several technical benefits: extended lifespan and cheaper cost,
easy and quick repair for damaged probes, improved insertion loss and simplified
manufacturing process. In 1993, GGB introduced a W-band probe at the IEEE Microwave
Theory and Techniques Society International Microwave Symposium (IMS) [26]. Over the
years, they improved their technology, achieving frequencies of 220 GHz in 1999 [27], 325
GHz in 2006 and 500 GHz in 2012 [28], [29].

In 1994, Cascade® presented their 40 GHz air-coplanar probe (ACP) [30]. Couple of years
later, ACP probes had reached frequencies of 110 GHz (1-mm connector model) and 140 GHz
(waveguide based model) [31], effectively replacing the WPH product line. Many engineers
still prefer the ACPs for probing on gold pads (soft and non-destructive touch).

In 2000, Rosenberger introduced a new concept for RF probes for PCB applications [32].
The next year, in 2001, Rosenberger in partnership with Karl Suess KG (later SUSS MicroTec),
scaled down the probe geometry to the wafer-level requirements. The same year, they
introduced the new RF probe |Z|-Probe [33], covering the 40 GHz range. The |Z|-probe featured:
a direct transition from the coaxial connector to the air-isolated coplanar contact line, transition
within the probe body minimizing possible discontinuities, coplanar contacts made using
ultraviolet lithography and electroplating process (UV-LIGA) providing accurate shape and a
constant air gap. The coplanar contacts were made from Nickel (Ni), allowing optimal contact
performance on both Aluminum (Al) and gold (Au) contact pads.

In 2002, Cascade Microtech® launched a new wafer probe bases on thin-film technology
[34]. This new Infinity Probe demonstrated higher contact consistency and very low probe-to-
probe crosstalk. Infinity Probes were available for 40, 50, 67 and 110 GHz frequencies. In 2005
and 2007, the waveguide probes for 220 and 325 GHz frequencies were introduced respectively
[35], [36]. After several design interactions, Cascade began offering an Infinity probe for the
500 GHz band in late 2009 as a custom product. Recently, they introduced the InfinityXT Probe
with improved tip life and durability [37].

Between 2009 and 2011, two new companies entered the probing market: DMPI focused on
micromachined probes for the emerging sub-THz market, while Allstron, Inc. from Taiwan
offered affordable probes for application below 110 GHz to reduce testing costs. Allstron’s
probes conventionally use a microcoaxial cable and air-isolated coplanar waveguide (CPW)
contact structure (similar to ACP), but with a tip designed for probing on Al pads with small
passivation windows.
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Figure 1.13 (a) The first commercial sapphire calibration substrate CAL96 (b) the Tektronix®
RF wafer probe TMP9600 (c) the WPH probe from Cascade Microtech®. (Pictures courtesy
of FBH) [17].

A conventional RF probe consists of four main components: a test instrumentation interface
(waveguide or coaxial), a transition connecting the test interface to a microcoaxial cable, a
transition connecting the microcoaxial cable to a planar waveguide (CPW or microstrip), a
coplanar interface connecting the probe to the pads of the DUT.

There are various technologies for designing and attaching probe tips to the probe (Figure
1.14). Picoprobe® and GGB® use the signal conductor of the microcoaxial cable to shape the
signal tip, and the ground blades are soldered from both sides of the cable. ACP, Cascade
Microtech®, and Allstron Probes use an air-isolated CPW tip that is attached to the
microcoaxial cable. Infinity Probe from Cascade Microtech® uses a flexible polyamide
microstrip line that ends with CPW tips, which is attached to the microcoaxial cable. The |Z|-
Probe from Rosenberger-Cascade Microtech® uses direct transmission from the coaxial
connector to the air-isolated CPW contacts, without a micro-coaxial cable. The 500 GHz
Infinity Probe uses direct transmission from the rectangular waveguide to a polyamide
microstrip line. DMPI uses a direct transition from rectangular waveguide to a micromachined
silicon CPW contact structure.
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Figure 1.14 GSG probe tip technologies: (a) Picoprobe® (top view, 100-nm pitch) (b) ACP
(125-um pitch) (c) Allstron (100-nm pitch) (d) Infinity Probe (125-um pitch; all bottom view)
and (e) |Z| Probe (125-pum pitch). (Pictures courtesy of FBH) [17].

1.6 Probe mechanical layout rules

Working with on-wafer probes require a good understanding of the probes mechanical
layout. We work with Infinity GSG probes from FormFactor™. There are two important probe
mechanical parameters to keep in mind when using the Infinity probes: the contact dimensions
and the substrate extension past the contact. Figure 1.15 shows a Scanning Electron Microscope
(SEM) photo of an 100 um Infinity probes. The typical contact size for the Infinity probes is
12 x 12 um. Knowing the contact size is important as the passivation window must be large
enough in order to allow the entire contact to touch the pad. The minimum pad size when
manually placing the probes is 25 x 35 um, and the recommended minimum size for either
manual or semi-/fully-automated probe placement is 50 x 50 um. If narrow pitch probes are
used (50/75 um pitch probes), the minimum pad size should be 30 x 50 um. However, the
recommended combination is 100 x 100 um pads with a 150 um pitch. The substrate
extension is typically 100 um past the contact center. As stated before, the probes skate when
a good electrical contact is achieved. For every 50 um of overtravel, the probes will skate
laterally 25 um. Therefore, there must be enough space between two probes to allow skating.
Figure 1.16 shows some of the recommendation rules from FormFactor™ [38].

36



11.99 pm

100.1 pm

Figure 1.15 SEM photo of a 100 um Infinity GSG probe from FormFactor ™.
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Figure 1.16 Some of FormFactor™ recommendations for working with Infinity probes:
minimum pad size is 25 x 35 um, minimum pad pitch is 100 pum (50 pm for fine pitch probes)
[38].

1.7 EQUIPEX EXCELSIOR Micro-probes

Another challenge in making on-wafer measurement with RF probes is the mismatch
between extreme impedance devices and the CPW access pads. Indeed, the CPW pads are the
electrical transition between the nano-devices and the probes. Considering the size of the
contact pads, parasitic effect become important and lead to mediocre measurement of RF nano-
devices. In previous thesis work among our team [39], performed within the National
EQUIPEX EXCELSIOR (www.excelsior-ncc.eu) project and European project 14Ind02
PlanarCal (Microwave measurements for planar circuits and components), including European
NMIS METAS (Switzerland), NPL (United Kingdom), PTB (Germany), VSL (Netherlands), a
robtotic on-wafer probe station has been developed at the IEMN laboratory. Two generation of
miniaturized RF probes have also been developed [40] [41]. The miniaturized probes, designed
to support a few mN forces, were mounted on nano-positioners in order to precisely control
their movement and their positioning over the DUTSs. Finally, the traditional optical microscope
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has been replaced by an SEM (Figure 1.17). As an example of the miniaturized probes, Figure
1.18 shows the first generation of microprobes. The microprobes are integrated on specific
PCBs. The PCB is connected to the Nanoprober via a U.FL — SMA cable, allowing a frequency

range of a few GHz.

The work realized in [39] proved that the development of nanoprobes is essential to
accurately characterize nano-devices. However, the solution requires the integration of the
solution in a SEM, that is not compatible with an industrial context. In this work, we extend
this solution to be integrated into commercial environment. Therefore, we use commercially
available probes coupled with precise nano-positioners in order to increase the measurement

repeatability and accuracy of the overall on-wafer RF probing process.
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Figure 1.17 Schematic representation of the Nanoprober developed in [39].
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Figure 1.18 First generation of microprobes [42] [40] [43]. (a) Synoptic diagram. (b) SEM

photo of the first generation microprobe.
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1.8 Automated on-wafer probing in the research field

Many groups, in particular National Metrology Institutes (NMIs) are developing new and
more accurate automated probing techniques for on-wafer measurements. In this section, we
highlight the main contributions.

In the National Institute of Advanced Industrial Science and Technology (AIST), Ibaraki,
Japan, Ryo Sakamaki and Masashiro Horibe have been working on automated on-wafer process
for many years now. In [44] and [45], they introduced source of on-wafer measurements
uncertainties. They demonstrated lower uncertainties regarding the probe positioning on
verification devices when working with automatic probers. Later, in [46], Ryo Sakamaki and
Masashiro Horibe presented a fully automated probe station that relies on the RF signal
detection in order to determine the distance between the probes and align them correctly. In
addition, authors designed an original Impedance Standard Substrate (ISS) with a 50-Q
transmission line and alignment patterns to define the origin coordinates of the probes. The
proposed technique showed improvements in the measurement repeatability when evaluating
the 50-Q matched transmission line. In [47] and [6], authors presented an automated method
for precise adjustment of the probe-tilt. The method is based on detecting the resonance created
when two or three of the probe tips make contact with the substrate “In the case of a GSG probe,
an inductance should exist between each ground and signal probe tip when all the GSG probe
tips are in good contact with the filled-conductor pad. Therefore, no resonance should be
observed in this case. In contrast, a capacitance should exist between the signal and floating
ground probe tip when one of the probe tips is not in contact with the conductor” [6]. An
adjustment algorithm base on the RF Signal Detection RSD technique was also implemented
in order to improve the measurement repeatability. The proposed technique improved the
alignment of the probe parallel to the substrate (probe-tilt angle). In [48], authors tackled the
limitations of the RSD technique (devices with complicated structures) by relying on machine
learning algorithm. The algorithm is based on the Local Outlier Factor (LOF) in order to detect
changes in the structure. The technique was tested and compared to a conventional automatic
probing technique. As a result, the difference in the probe position was approximatively 1 pum,
hence, proving the validity of the machine-learning based technique.

Other researchers contributed to the development of new techniques in order to face the on-
wafer measurements and repeatability. At VSL-Dutch Metrology Institute, Netherlands, Faisal
Ali Mubarak and his team worked on automated solutions to address accurate on-wafer probing
in the mm-wave and sub-mm-wave frequency regimes. In [49], authors proposed an automated
solution to detect contact between the probe and the Device Under Test (DUT) using a photo
sensitive detector (PSD) and a laser unit and in [50], authors used a vision based multi-target
tracking technique for automatic probes alignment. At the ElectroScience Laboratory, The Ohio
State University, researchers have been working on non-contact probes for on-wafer
characterization [51] [52] [53] [54] [55] [56]. In [51] and [52], authors presented the
development of a new approach for on-wafer measurements in the mm-wave and the THz
frequency bands. The method is based on “radiative coupling of Network Analyzer’s test ports
into coplanar environment of monolithic device (DUT) through integrated planar THz
antennas” [51]. Later, in [53] and [54], they introduced the use of automated stages to do the
positioning of the probes. The non-contact nature of the system allow to use two automated axis
only as opposite to the conventional three or four axis. Authors demonstrated that using
automated and computer control into the system enables fast and repeatable measurements.
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Figure 1.19 (a) Resonance detection technique when three probe tips contact with the substrate
[47]. (b) illustration of the RSD techniques when dealing with complicated structures [48]. (c)
automated contact detection between the probe and the DUT using a PSD and a laser unit [49].
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1.9 Conclusion

With the continuous advancements in technology, automated on-wafer probing techniques
play a vital role in the semi-conductor industry, providing reliable and efficient means of
conducting high-precision electrical measurements. Over the years, those stations gained more
interest from researchers as well as industrials. This chapter provided an overview of on-wafer
probe stations and their basic sub-systems. The probe alignment on the calibrations structures
and the measurement pads were also discussed. The chapter presented some manual, semi-
automated and fully-automated probe stations that can be found on the market nowadays. The
evolution of the RF probe technology over the years was also discussed, highlighting the
advancements made in the field. Furthermore, the chapter explored the use of automated
techniques designed for on-wafer probing in research, which has proven to be an effective mean
in order to tackle the dilemma of precise and repeatable on-wafer calibration and measurements.
Despite the complexity of such techniques and the level of control it calls for, the benefits of
automation cannot be overstated. The next chapter summarizes the theoretical basics and
mathematical notions regarding RF measurements as well as RF measurement instruments used
in this field.
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Introduction

In this chapter, we start by presenting the fundamental mathematical tools involved in
radiofrequency (RF) small-signal modelling and characterisation. In particular, the concept of
multi-port networks and associated scattering parameters (S-parameters) is detailed. These are
the basic concepts behind RF systems and understanding them is essential for analysing such
systems. Then, we will introduce the Vector Network Analyzer (VNA), reference instrument
used to determine calibrated S-parameters of multi-port networks. We explore the architecture
of the VNA and how it can be used to characterize RF devices. Finally, we will introduce the
error models for vector network calibration and some of the commonly used calibration
algorithms.
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2.1 Scattering parameters

The microwave frequency range expands from 300 MHz to 30 GHZ and the millimetre-
wave frequency range from 30 GHz to 300 GHz. At those frequencies, the propagation
phenomena are represented by variation of voltages and currents along transmission lines.
However, the impedance matrix (Z), the admittance matrix (Y) and the hybrid matrix (H), that
are usually used to describe the currents and voltages, cannot be determined by direct
measurements of voltages and currents. Consequently, it is preferable to substitute pseudo-
waves related to the concept of power, which are easily measurable at microwave and
millimetre-wave frequencies. Hence, we can define the scattering parameter matrix [S]. The
pseudo-waves are mathematical quantities that are defined with respect to a reference
impedance Z..r. Generally, the reference is set to 50 Q. The following section was written using
information provided in [1].

2.1.1 1-port network or two terminal device
Figure 2.1 represents the flow chart in the case of a 1-port network. The incident pseudo-
wave a; and the reflected pseudo-wave b, are defined as follow [2]:

Y, Re(Zyer)

a; = Vy + Zpofl (2.1)
1 lerefl ( 1 ref 1)
+/Re(Z
b, = J(V1'Zrefl1) (2'2)

2|Zref|
where the index 1 is referring to the measurement plane (port) and is defined by the voltage V;,
the current I, and the reference impedance Z,..

The reference impedance of microwave measurement systems is Z..¢ = 50 Q, a purely real
standard value established in the United States in the 1930s. This value was chosen as the best
compromise in terms of maximum power transfer, maximum breakdown voltage, minimum
losses, and dimensional constraints in coaxial lines.

The complex reflection coefficient S;, of a 1-port network or two terminal device is defined
as:

Sy =— (2.3)

The reflection coefficient of a 1-port network can also be expressed using its complex
impedance and the reference impedance as follow:

o - Z-Zres _ Z-50
M 7470 Z+50

The incident power Piyc; and the reflected power Prgg 4, at the dipole input are calculated
from the pseudo-waves as follow:

(2.4)

1
PINC,l = E |a1|2 (2.5)

48



1
Prer1 = > b, |2 (2.6)

Dipole under test

Figure 2.1 Flow chart in the case of a 1-port network.

2.1.2 2-port network
Figure 2.2 represents the Flow chart in the case of a 2-port network. The incident pseudo-
wave a; (i =1, 2) and the reflected pseudo-wave b; (i = 1, 2) are defined as follow:

Re(Zier) _ 2.7)
aj = 207l (Vi + Ziecli)
Re(Ziref) (2.8)

b; = —— (Vi-Z1 (]
' 2|Zref| ( b et l)

where the index 1 and the index 2 are referring to the measurement planes and are defined by
the voltages V; (i = 1,2), the currents I; (i = 1, 2) and the reference impedances Z. (i =
1,2).

The S-parameters S;; (i = 1, 2 and j = 1, 2) of a 2-port network under test are described by
the complex matrix [S]. The relationship between the pseudo-wave a; (i = 1,2) and b; (i =1,
2) and the parameters S; (i =1, 2and j = 1, 2) is given by:

bi] _ [S11 S12] [
bz] ~1S21 Sa2 [32] (29)
The linear relationships between the input and output signals are given by:
b1 = 51131 + 512a2 (210)

bz = 521a1 + Szzaz (211)
S11 = by/a; (a, = 0) is the reflection coefficient at the input of the 2-port network.

S,1 = by/a; (a, = 0) is the transmission from the input to the output of the 2-port network.
S, = by/a, (a; = 0) is the reflection coefficient at the output of the 2-port network.

S12 = by/a, (a; = 0) is the transmission from the output to the input of the 2-port network.
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Figure 2.2 Fluence chart in the case of a 2-port network.

The S-parameters of a 1-port or 2-port network are frequency dependent. It is possible to
measure the four parameters at each frequency point in terms of magnitude and phase-shift
using a VNA.

2.2 Vector Network Analyzer

VNASs are precision instruments used to measure the electrical properties of circuits and
networks in the RF spectrum. They can be used to analyse a wide range of circuits, from simple
devices such as filters and amplifiers to complex modules used in communications satellites.
As examples of how VNAs are used in RF engineering, we can cite: performance
characterization of RF components, such as antennas, filters, and amplifiers; design and
optimisation of RF systems, such as radar systems and communication networks;
troubleshooting of RF problems such as signal loss or interference; calibration of RF
measurement equipments. In [1] and [3], authors provided a clear and concise explanation of
how the VNA works. We used their document as a reference when writing this section.

A VNA measures the amplitude and phase of wave quantities and uses these values to
calculate complex reflection coefficient S, for a two terminal device or complex S-parameters
Sij (i=1,2andj = 1, 2) for a 2-port network.

Figure 2.3 shows the block diagram of a 2-port VNA. The block diagram contains four main
parts:

= The test set uses a reflectometer to separate the incident and reflected waves at the test port.
The waves are then injected to either the reference channel or the measurement channel.
Electronic attenuators can be used in order to vary the test port output power.

= The RF synthesizer produces the RF signal. The source switch is used to connect the RF
signal to one of the test ports, which then operates as an active port.

= Each test set has two separate receivers, one for the measurement channel, called the
‘measurement receiver’ and one for the reference channel, called the ‘reference receiver’.
They both consist of an RF signal section and a digital signal processing stage. The output
of the stage is raw measurement data in complex numerical values.

= A computer is used to perform system error correction, display measurement data, and
provide a user interface.
Figure 2.3 illustrates the principle of sampling different microwave signals based on

reflectometry. To measure all four S-parameters without having to disconnect the DUT, the
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source can be directed to port 1 (or port 2) for the measurement of parameters S;; and S, (or
S12 and S,,) using a switch. The architecture of the network analyzer can also include multiple
microwave sources to avoid using switches and increase the measurement accuracy. The
injected power is controlled using an attenuator, allowing the adjustment of the power during
testing to match the DUT characteristics. The power provided by the source is split using a
power divider. One part is directed to the reference path, and the other part is directed to the
DUT. Signal A and signal B are taken respectively from the reflected and the transmitted signals
from the couplers. These RF signal are translated around an intermediate frequency using a
mixer and a local oscillator. They are then sampled, digitized, and processed.

However, VNA’s components present imperfections that appear during the measurement of
S-parameters. Therefore, it is necessary to take these imperfections into account in order to
correct the measurements. This is the purpose of vector calibration, which will be presented
below.

We can distinguish two types of measurement errors [4] [5]:

= Random errors are inherent to the unpredictable fluctuation in the measurement
environment (humidity, temperature) and the measurement system itself. These errors
cannot be corrected by software. However, we can reduce the impact of random errors by
controlling the environment fluctuations, reducing the bandwidth of the intermediate
frequency (IF) and by averaging multiple measurements.

= Systematic errors are characteristics of the measurement system and are reproducible. A
dedicated electrical model can be used to express the measured S-parameters by the VNA
in terms of the actual S-parameters of the DUT and complex error terms. These error terms
are determined by a vector calibration procedure also called “calibration” [6].

Test Set Receivers
Test Port Measurement channel
=~ < HA U Dsp
/‘ Divider > 2.5 NS D
e DR
: al ‘_—I L] Reference channel
Device Coupler Mtenuator | RF
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Test Test Port Z Measurement channel :I:I__'J
=0
(oum) > 2 e lryal =4
N e e
=1 | ZEHA o ose
T F—I Reference channel

RF 2

— | RFI 0
RF generator
— | [F?

Figure 2.3 Block diagram of a 2-port Vector Network Analyzer [3].
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2.3 Error models and calibration algorithms

Several works covered calibration procedures [7], [8], [9], [10], [11].The system error
coefficients of VNA are determined by measuring calibration standards with known reflection
and transmission properties. These standards are commonly open, short, load, and through
(referred to as “thru”) standards. These standards have well-defined reflection and transmission
coefficients. The VNA measures the reflection and transmission coefficients of the calibration
standards. Then, these measurements are used to calculate the system error coefficients. The
measured raw reflection and transmission coefficients of the DUT are then corrected with the
previously determined error coefficients. This removes the effects of systematic errors from the
DUT measurements, allowing for quantitative characterization.

The system error model is derived from a generic VNA block diagram, approximating the
VNA as a linear network [6] [12]. Figure 2.4 is the forward portion of the system error model
where:

= e, IS the directivity

" e,0€01 IS the reflection tracking

= e, IS the port-1 match

= g5, IS the leakage

" e,0€3, IS the transmission tracking

= e,, is the port-2 match

The directivity is caused by the leakage of the coupler used in the VNA. This error is also

increased by the mismatch between the cable and the connectors between the coupler to the
DUT. The reflection and transmission tracking errors are caused by the reflectometer and
mixers. It is also caused by the imbalance in the cable lengths between the two ports of the
VNA. The match error is the ratio between the reflected power and the incident power at the
DUT port. It is not necessarily the same as the ‘raw’ port match. The leakage error is caused by
the leakage of the local oscillator (LO) signal through the mixers. It is not the same as the
leakage of the switch, which is assumed to be negligible in this model [6].

e30
DUT
Port - 1 Port - 2
a, b,
a,o » > » g » > > O b3
€10 21 €3
Y€po €14 YS,, S,a Ye,
e S
01
b, o— 4 “ < <
b, a, Branches With No Label = 1

Figure 2.4 System Error Model for the Forward Direction [6].

To understand the two-port model, we start by presenting the one-port model also called the
3-Term Error Model. In Figure 2.5, the model is simplified for a one-port measurement to three
error terms: directivity, port match, and tracking errors. The measured reflection coefficient and
the actual reflection coefficient can be written as follow respectively using the S. J. Mason rules
[13], [14]:
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by ego-AeS11

= — = 2.12

SllM dp 1-e11514 ( )
S11p€00

S, =—4 2.13

H S11y€11-0e ( )

Ae = egoeq1-(e10€01) (2.14)

where S;4,, is the measured reflection coefficient and S, is the actual reflection coefficient.

From the error model, and using three different known standards, we can write three linear
equations containing three actual reflection coefficients, three measured reflection coefficients,
and the three error terms:

€00 T S117511p1€11-S11,8e = S11p4 (2.15)
€00 T S11,5112€11-511,8¢ = S11)yp (2.16)
€00 T S1135113€11-S1138e = S11p3 (2.17)
DUT
o—» r y i e 1
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Figure 2.5 One-Port 3-Term Error Model.

The three error terms can be obtained by measuring three known standards, typically a short,
on open, and a load. Hence, it becomes possible to solve the three equations for the three error
terms. Finally, using the calculated error terms, the equations can be inverted in order to find
the actual reflection coefficient of the measured DUT.

The two-port can be modelled in the same way. A fictitious error box is placed between the
2-port network DUT and each measurement port. This error box contains the six error terms for
the forward direction. Similarly, a six term model is used for the reverse direction. From Figure
2.6, the measured reflection and transmission coefficients for the forward direction can be
obtained as a function of the four actual S-parameters of the DUT and the six forward error
terms:

by S11-€2245

UM g, €00 + (€10€01) 1-e11511-€22522 + €11€224¢ (2.18)
bs S21

M T a, €30 + (€10€32) 1-e11511-€225;2 + €11€3245 (2.19)

As = 511572-52154, (2-20)
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Figure 2.6 12-Terms Error Model for the Forward Direction

In the same way, solving for the reverse model in Figure 2.7, we obtain the reflection and
the transmission coefficients as a function of the four actual S-parameters of the DUT and the
SiX reverse error terms:

b ' Co S22-€114s
S = — = e, + (e,:€ . . — 2.21
M g 3 33 ( 23 32) 1-€11511-€5,5;22 + €11€5,4¢ ( )
by . C S12
S =— =-¢ey3 + (€e,3€ . . — (2.22)
12M az o ( 2 01) 1-€11511-€5,S22 + €11€5,4¢
As = 511572-521515 (2-23)

The forward and the reverse equations can be combined in order to give four equations
containing the four actual S-parameters of the DUT and the 12 error terms of the model. When
the 12 error terms are known, the four equations are solved for the actual S-parameters of the
DUT. More details are presented in [6], [15], [16], [17], [18], [19].

Other error models have been developed to calibrate VNASs. They are derived from the 12-
term error model. We can cite the 8-Term Error model and the 16-Term Error model. In the 8-
term model, we assume that the crosstalk leakage term is zero, or that it can be determined in a
separate calibration step. We also assume that the switch is perfect and does not change the port
match of the network analyzer. In the 16-term model, we make no assumption about leakage.
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Figure 2.7 12-Terms Error Model for the Reverse Direction [6].
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In the following, we briefly present some of the commonly used calibration algorithms. First,
it is important to recall that this work focus on on-wafer calibration and measurements. In order
to perform an on-wafer calibration, we typically use an Impedance Standard Substrates (ISS).
Figure 2.8 shows the 101-190 C ISS Map from FormFactor™ that is used throughout this work.
Each ISS is compatible with specific probe pitches and for specific frequency ranges. The 101-
190 C ISS is compatible with GSG probes from 100 pum to 250 um probe pitch. It provides
thru, short, load and open structures as well as alignment structures to guide the user to define
the overtravel of the probes. It contains also different lengths of transmission lines for
verification. Figure 2.9 shows the four ISS standards used with a GSG probe.

As mentioned previously, there are many calibration algorithms based on the 12, 8 or 16-
term error model. We will present the most used ones, i.e. Short-Open-Load-Thru (SOLT),
Thru-Reflect-Line (TRL), and Line-Reflect-Reflect-Match (LRRM) [20], [21]. Figure 2.10
illustrates the standards used for each calibration algorithm with GSG probes.

1 2 3 4

101-190 C

832-213
=M\ CASCADE MICROTECHR B 2009

Figure 2.8 101-190 C Impedance Standard Substrate from FormFactor ™.

OPEN SHORT LOAD THRU

Figure 2.9 ISS standards in a GSG configuration.
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The Short-Open-Load-thru (SOLT) algorithm

The SOLT method in based on the 12-term error model. It uses the properties of two fictional
and directive couplers. To solve the calibration problem, we need to solve the 12 equations
system as presented earlier. To solve the system, four calibration standards are needed. The
SOLT method is widely used for on-wafer calibration and is robust as long as all four standards
are perfectly known. It is also relatively sensitive to the probe placement on the different
standards.

The Thru-Reflect-Line (TRL) algorithm

The TRL method is based on the 8-term error model. Three calibration standards are needed:
two different length lines (“Thru” and “Line”) and a highly reflective standard (“Short” or
“Open”). It requires a minimal knowledge of the electrical behaviour of the standards. The
reference place is considered as the middle of the Thru standard. It is considered to be
symmetrical. However, the validity of the method is dependent of the symmetrical behaviour
of the intern switch of the VNA.

The Line-Reflect-Reflect-Match (LRRM) algorithm

The LRRM method requires the same four standards as the SOLT method but requires less
information about the standards. It can give better results than SOLT and is less sensitive to
small errors in probe placement. The reference place of the LRRM is set at the middle of the
Line. The reflect does not need known Open or Short but must its impedance must be equal at
both port-1 and port-2. Match standard could have known resistance and unknown inductance.
Its inductance is obtained using the Open standard.
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Figure 2.10 Standards used in the SOLT, TRL, and LRRM calibration algorithms with GSG
probes [21].

2.4 De-embedding

In some cases, in addition to on-wafer vector calibration, an additional de-embedding
procedure is required. This latter consists of shifting the reference plane at the probes’tip to a
another reference plane, located closer to the DUT (Figure 2.11). It is necessary when the DUT
accesses are smaller than the probe’s tips and do not allow a direct contact. Hence, in the de-
embedding procedure, the parasitic contributions of the CPW access are subtracted from the
global measurement. As equivalent electrical model for the DUT’s access needs to be developed
carefully. There are several de-embedding methods for on-wafer measurements [22], [23], [24].
Those methods often use Open and Short-Open approaches. Both techniques consider a two
terminal device model in which the parasitic effects of the DUT’s access are modelled by
resistances, inductances, and capacitances placed either in series or in parallel or both. The
Open technique is the simplest one. It uses one “Open” test structure. This techniques allows to
subtract the capacitive effect of the CPW DUT’s access only [25]. The Open-Short techniques
are more complex and allow a better extraction of the parasitic effects. It takes into account the
series and parallel effects. This method is commonly used to characterize on-wafer electronic
devices up to 110 GHz. Indeed, beyond 110 GHz, the Open-Short technique becomes less
precise due to the rising frequency [26].
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Figure 2.11 De-embedding technique for a 2-port network measurement [20].
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2.5 Conclusion

In this chapter, we discussed the fundamental notions in RF technology. We presented the
definition of 1-port and 2-port network respectively using the concept of S-parameters. A brief
definition of the VNA was also included in this chapter. Finally, calibration and de-embedding
were presented as being essential steps to obtain calibrated measurements. Understanding these
concepts is crucial in order to proceed with our work, related to the development of a robotic
and automated on-wafer probe station.

59



2.6 References

[1] K. Haddadi, "Mesure hyperfréquence des propriétés électromagnétiques de matériaux :
300 MHz a 300 GHz", Mes. Tests Electroniques, Dec. 2016, doi: 10.51257/a-v1-r1117.

[2] R. B. Marks and D. F. Williams, "A general waveguide circuit theory", J. Res. Natl.
Inst. Stand. Technol., vol. 97, no. 5, p. 533, Sep. 1992, doi: 10.6028/jres.097.024.

[3] "Fundamentals of Vector Network Analysis Primer”, Published by Rohde & Schwarz
USA, Inc.

[4] D. Rytting, "An Analysis of Vector Measurement Accuracy Enhancement Techniques”,
Hewlett-Packard RF & Microwave Measurement Symposium and Exhibition (1987)

[5] D. Rytting, "Appendix to an Analysis of Vector Measurement Accuracy Enhancement
Techniques', Hewlett-Packard RF & Microwave Measurement Symposium and Exhibition
(1987).

[6] D. Rytting, "Network Analyzer Error Models and Calibration Methods", White Paper
(1998).

[7] G. F. Engen and C. A. Hoer, "Thru-Reflect-Line: An Improved Technique for
Calibrating the Dual Six-Port Automatic Network Analyzer,” in IEEE Transactions on
Microwave Theory and Techniques, vol. 27, no. 12, pp. 987-993, Dec. 1979, doi:
10.1109/TMTT.1979.1129778.

[8] H.-J. Eul and B. Schiek, "A generalized theory and new calibration procedures for
network analyzer self-calibration”, IEEE Trans. Microw. Theory Tech., vol. 39, no. 4, pp. 724—
731, Apr. 1991, doi: 10.1109/22.76439.

[9] R. B. Marks, "Formulations of the Basic Vector Network Analyzer Error Model
including Switch-Terms", in 50th ARFTG Conference Digest, Dec. 1997, pp. 115-126. doi:
10.1109/ARFTG.1997.327265.

[10] “Latest Advances in VNA Accuracy Enhancements Microwave Journal".
https://www.microwavejournal.com/articles/784-latest-advances-in-vna-accuracy-
enhancements (accessed Sep. 05, 2023).

[11] "Keysight Technologies® Specifying calibration standards and kits for Keysight
Vector Network Analyzers", Application Note (2014). [Online]. Available:
https://web.ece.ucsb.edu/Faculty/rodwell/Classes/ECE218a/documentation/cal_kit_discussion
pdf

[12] M. Zeier, J. Hoffmann, J. Ruefenacht, and M. Wollensack, "Contemporary evaluation
of measurement uncertainties in vector network analysis™, Tm - Tech. Mess., vol. 84, no. 5, pp.
348-358, May 2017, doi: 10.1515/teme-2016-0061.

[13] S. J. Mason, "Feedback Theory-Some Properties of Signal Flow Graphs”, Proc. IRE,
vol. 41, no. 9, pp. 1144-1156, Sep. 1953, doi: 10.1109/JRPROC.1953.274449.

[14] S.J. Mason, "Feedback Theory-Further Properties of Signal Flow Graphs", Proc. IRE,
vol. 44, no. 7, pp. 920-926, Jul. 1956, doi: 10.1109/JRPROC.1956.275147.

60



[15] H. M. Cronson and L. Susman, "A Dual Six-Port Automatic Network Analyzer”, in
1980 IEEE MTT-S International Microwave symposium Digest, May 1980, pp. 434-436. doi:
10.1109/MWSYM.1980.1124312.

[16] R. B. Marks, "A multiline method of network analyzer calibration”, IEEE Trans.
Microw. Theory Tech., vol. 39, no. 7, pp. 1205-1215, Jul. 1991, doi: 10.1109/22.85388.

[17] M. Potéreau et al., "Meander type transmission line design for on-wafer TRL
calibration", in 2016 46th European Microwave Conference (EuMC), Oct. 2016, pp. 381-384.
doi: 10.1109/EuMC.2016.7824358.

[18] A. Rumiantsev, H. Heuermann, and S. Schott, "A robust broadband calibration method
for wafer-level characterization of multiport devices", in 2007 69th ARFTG Conference, Jun.
2007, pp. 1-5. doi: 10.1109/ARFTG.2007.5456344.

[19] A. Rumiantsev, P. Sakalas, N. Derrier, D. Celi, and M. Schroter, "Influence of probe tip
calibration on measurement accuracy of small-signal parameters of advanced BiCMOS HBTs",
in 2011 IEEE Bipolar/BiCMOS Circuits and Technology Meeting, Oct. 2011, pp. 203-206. doi:
10.1109/BCTM.2011.6082782.

[20] K. Daffe, "Caractérisation Hyperfréquence Sous Pointes de Nano Dispositifs:
Meétrologie et Instrumentation”, 2018.

[21] X. Shang, J. Ding, N. Ridler, C. Buck, and M. Geen, "Calibration Techniques for
Millimetre-wave On-wafer S-parameter Measurements".

[22] M. Deng, "Contribution a la caractérisation et la modélisation jusqu’a 325 GHz de
transistors HBT des technologies BiCMOS", 2014.

[23] M. C. A. M. Koolen, J. A. M. Geelen, and M. P. J. G. Versleijen, "An improved de-
embedding technique for on-wafer high-frequency characterization”, in Proceedings of the
1991 Bipolar Circuits and Technology Meeting, Sep. 1991, pp. 188-191. doi:
10.1109/BIPOL.1991.160985.

[24] E.P.Vandamme, D. M. M.-P. Schreurs, and G. Van Dinther, "Improved three-step de-
embedding method to accurately account for the influence of pad parasitics in silicon on-wafer
RF test-structures”, IEEE Trans. Electron Devices, vol. 48, no. 4, pp. 737-742, Apr. 2001, doi:
10.1109/16.915712.

[25] P.J. Van Wijnen, "A new straightforward calibration and correction procedure for on
wafer high frequency s parameter measurements (45mhz-18ghz)", presented at the Proceedings
of the Bipolar Circuits and Technology Meeting, 1987.

[26] M. Deng et al., "Benefits and validation of 4-dummies de-embedding method for
characterization of SiGe HBT in G-band", in 2013 European Microwave Integrated Circuit
Conference, Oct. 2013, pp. 388-391.

61



Chapter 3

3. Development of the automated and
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Introduction

In the last years, advancements in micro- and nanotechnology have changed and
revolutionized the way we interact and manipulate electronic devices at the smallest scales. As
these technologies continue to evolve, the need for precise and efficient positioning systems
has become urgent. To tackle the issue, the piezo-electric nano-positioning stages have emerged
as leading solution in the realm of nanotechnology instrumentation.

In the frame of this work, we benefit from the experience gained by the research team on the
development of nano-robotics and fully automated solutions for microwave multiscale sensing.
In particular, in 2024, the project ‘Vacuum Scanning Microwave Microscopy for quantitative
characterization of sub-10 nm and atto-Farad scale capacitors and memories — VACSMM”
funded by the agencies ANR and DFG has pioneered the collaboration between the University
of Oldenburg, Germany and IEMN. In few words, University of Oldenburg has introduced the
SmarAct® technology, that offers piezo-based nanoscale high accuracy and control over
centimetre movements. These systems are combined with microwave technology developed by
IEMN to develop fully automated and nanorobotics RF instrumentations.

In this chapter, we dive into detail of the SmarAct® technology, exploring the SmarAct®
product catalogue as well as the principles and operational mechanics of their positioners. The
information and figures regarding the SmarAct® technology and the SmarAct positioners were
sourced directly from their website.

An important aspect of this study is the determination of the crucial parameters that govern
the behaviour of the SmarAct® positioners, which are important in achieving the desired level
of accuracy and repeatability in positioning tasks. In this chapter, we investigate those
parameters and how they affect the precision of the positioners.

Building upon this fundamental understanding, we introduce the development of the
automated and robotic on-wafer probing station using commercial GSG probes. First, the
hardware development is focused on the design of a probe station that seamlessly integrates the
capabilities of the SmarAct positioners, providing a compact and adaptable platform for
advanced and precise RF measurements. In a second step, the software allows achieving
robotics control and automation of the positioners as well as for other sensors integrated in the
platform. With LabVIEW™ programming environment as our tool of choice, we create
intuitive interfaces and efficient algorithms that harness the full potential of the SmarAct®
positioners within the context of on-wafer probing.
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3.1 The SmarAct Technology

SmarAct® is a leading technology company specialized in the development of innovative
high-precision positioning technology, metrology and automation technology. The company
was founded in 2005 in Oldenburg, Germany. SmarAct® has an ever-growing product portfolio
grouped in three main units: Metrology, Motion and Automation. In the Motion unit, SmarAct®
focuses on the development and production of high-precision and compact products for nano-
positioning that meet the user’s demands while being easy to handle. The positioners in the
Motion units can be divided into four classes:

= SMARSLIDE: based on piezoelectric positioning stages with a large positioning range (few
mm to over a meter). They can also be used under extreme environmental conditions for
specific applications
= SMARSHIFT: based on fast and highly accurate electromagnetic positioning stages
® SMARFLEX: scanners based on compliant structures that offers high resolution and
dynamic capabilities
= SMARBOTIC: complex positioning systems and robots that provide multiple degrees of
freedom
In the Metrology unit, the company offers components and solutions for measurement of
position displacement with a high-resolution. It also offers tools for the characterization of
component as well as failure analysis. The measurement systems are as follow:

= PICOSC ALE Interferometer: compact laser interferometer with a picometer resolution
= METIRIO: miniaturized optical encoders, compatible with demanding environmental
conditions
On the other hand, the component characterisation solutions are as follow:

® PICOSCALE Vibrometer: to detect in-plane and out-of-plane vibrations with picometer
resolution

= SMARPROBE: nano-probing platforms to push the boundaries of technical feasibility in
failure analysis on wafers, ASICS and MEMS

As described, the SmarAct® catalogue is large and diverse. Each product has its own
technology and characteristics. In this work, we used positioners from the Motion unit.
Specifically, Stick-Slip Piezo Drives from the SMARSLIDE class. Stages from this class
guarantee a low thermal drift and high resonance frequencies through high degree of
miniaturisation and perfect material selection. In addition, the stages are compatible with
vacuum and cryogenic application down to 10"** mbar. They are also available as non-magnetic
version for specific applications. Moreover, the SMARSLIDE technology is based on compact
and versatile closed loop positioners that are self-clamping and backslash-free since the
movable parts of the stages are permanently coupled to the piezo drives via friction elements.
Finally, they are customizable according to the client’s requirements. Different stages
specialized are available: Linear stages, High Load stages designed vertically for heavy loads,
Rotation stages, and Goniometer stages to create multi-dimensional Euler positioning systems,
Micro-Grippers and so on.

The SMARSLIDE stages use the Stick-Slip Piezo Drive technology. The stages feature a
patented drive system that combines macroscopic travel with nanometre resolution, high
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velocities of several millimetres per second. In order to understand how the stages operate, in
the following, we explain the principle of the Stick-Slip piezo drive:

® The piezo actuator is securely fixed to the stationary base of the stage. The slide of the
guideway is connected to the actuator through a friction element that remains permanently
attached to the actuator

Voltage

Time

= The length of the piezo actuator adjusts proportionally to the applied voltage. By gradually
increasing the voltage while controlling it, the piezo actuator expands or contracts
accordingly. As a result, the slide follows the movement of the friction element. This is

called the stick-phase

Voltage
T

Time

= When there is a sudden change in the applied voltage (increase or decrease), the piezo
actuator contracts or expands rapidly within a short timeframe. Consequently, the friction
element moves swiftly. However, the slide does not follow the motion of the friction
element. This is called the slip phase. By repeating the sequence of stick and slip phases, it
is possible to achieve macroscopic travel of the slide. This operation mode is referred to as
the step mode.

Voltage

Time

= In the stick-phase, the slide can be moved with sub-nanometer resolution by gradually
extending or contraction the piezo actuator. This is called the scanning mode.
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Voltage

Time

In the following, we dive into more details about the Linear Stages. Indeed, those are the
stages used in the development of our automated and robotics probing station. The linear stages
come in different series:

= Cryogenic Linear Stages

= SLC Series: are based of linear slides witch crossed roller bearings a characterized by their
high rigidity and straightness

= CLS Series: with exchangeable drive units

= CLL Series: suitable for applications where long travel ranges are required

= DLS Series: combine stick-slip drives and piezo scanners

= SL Series: perfect when absolute miniaturization is required

In addition, SmarAct® provide high-precision rotation stages based on different drive
technologies. They can be easily combined with each other or with other SmarAct positioners
to form setups that are more complex. The rotation stages allow continuous and mechanically
unlimited rotation. We can find the MR Series, based on electromagnetics and the standard SR
series. The latest offer different sizes and shapes depending on the desired application. In the
next section, we focus on the SLC (linear stages) Series for the linear stages and SR Series of
the rotation stages. We will present the characteristics of each one of the models that we used
in our work.

3.2 Mechanical properties of the positioning stages

First, we start by reminding the components of an automated probe station and the parts that
are mounted on the SLC and the SR positioners. Indeed, in Chapter 1, we presented the
automated probing station that consists of a chuck to carry the device under test (DUT),
automated positioners that carry the radiofrequency probes, an optical system and a VNA. The
parts we are interested in are the chuck and the probe positioners. In our station, the chuck is
mounted on three positioning stages, two SLC linear stages and one SR rotation stage. The
probes are mounted on four positioning stages, three SLC linear stages and one SR rotation
stage. Hence, the chuck can achieve 3 degrees of freedom in the X axis, the Y axis and the ¢
axis. While the probes can achieve 4 degrees of freedom in the X axis, the Y axis, the Z axis
and the 6. Figure 3.1 shows a schematic representation of the probe and the chuck axis as
described previously.
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Z

Figure 3.1 Schematic representation of the probe and the chuck axis.

3.2.1 SLC Linear Stages

The linear SMARSLIDE stages of the SLC series are built on linear slides with crossed roller
bearing. The SLC stages offer compactness, high rigidity and straightness. They are suited for
applications where the positioning system requires stability and high accuracy. They can be
used in high and ultra-high vacuum environments. The SLC linear stage are available in two
series, the SLC-17 and the SLC-24. The two differ primarily in width and height. Both series
can integrate a position sensor for closed-loop operations. Table 3.1 summarizes the SLC linear
stages used for both the probes and the chuck.

Table 3.1 SLC Linear Stages used for the probes and the chuck.

[nm]

Sensor Resolution

Closed-loop

Probe Chuck
Axis X-Y VA X Y
Reference SL-2430 SLC-1730 SLC-24150 SLC-2475
Scan Range [um] >1.3 >1.3 >1.3 >1.3
Travel [mm] 16 21 103 49
Dimensions [mm] | 30x24x10.5 | 30x17x8.5 | 150x24x10.5 | 75x24x10.5
Weight [g] 36 20 180 90
Velocity [mm/s] > 20 > 20 > 20 > 20
Resolution MCS2 <1 <1 <1 <1

[nm]

el 1(5) 1(5) 1(5) 1(5)
Unidirectional
Repeatability MCS2 +40 (S) +40 (S) +40 (S) +40 (S)

(o]
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3.2.2 SR Rotation Stages

As described previously, the rotation stages allow a continuous and unlimited rotation of the
system. However, they can be mechanically limited if necessary to avoid collisions or tearing
of cables. Here, we will use the SR series only with two different sizes. Table 3.2 summarises
the SR rotation stages used for both the probes and the chuck.

Table 3.2 SR Rotation Stages used for the probes and the chuck.

Axis 0 [0}
Reference SR-2013 SR-4513
Travel [°] oo oo
Dimensions [mm] 255x20x10.2 | 45x45x12.5
Weight [g] 11 89
Angular Velocity [°/s] > 45 > 30
Resolution MCS2 [u°] >4 >2
Closed-loop
Sensor Resolution MCS2 [u°] 25 (S) 15 (L, S)

3.2.3 MCS2

The MCS2 is a control system used to control the positioning stages. It is designed to provide
high-precision control over the stages, making it a perfect choice for nano-positiong and micro-
positioning. It is capable of controlling multiple axes simultaneously. It integrates multiple
modules in order to provide adapted and pre-configured control system. Some of the features
are: sensor data reading for closed-loop position control, communication interface, hand control
module and so on. The MCS2 has different housing variants. The Integrated Handheld is
equipped with the main controller module including a communication interface and a human-
machine interface module. The Rack Housing in a modular system consisting of six slots. It
contains the main controller module, a communication interface, and a backplane. Each slot
can host a module carrier with three-channels, allowing for a total of six main controllers to be
installed making it possible to control up to 18 positioning stages. The Table top Housing
includes the main controller module with a communication interface in its standard
configuration. Finally, the Hand Control Module can be connected to both the rack and the
Table top Housing for external manual control.

3.2.4 Repeatability

The repeatability refers to the ability of the positioner to consistently reach a target position.
It can be either from a single direction (uni-directional) or from multiple directions (bi-
directional). In the case of bi-directional repeatability, the dominant factor is often the reversal
error of the system. The uni-directional repeatability is obtained by the determination of the
standard deviation of the positioning error at each target position across the entire range of
motion of the system. The reverse error is defined as the difference between the measured mean
positioning error when approaching a specific target position from different directions.
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3.2.5 Sensor type

In Table 3.1 and Table 3.2 we can see the indication (S) or (L) next to the repeatability value
of the positioners. Those correspond to the type of the sensor that the positioner is using. The
sensors can be either optical or inductive. They are integrated into the positioning stages for
closed-loop position control. This allow the definition of the desired travel distance or the target
position and the velocity of the stage. The S and L sensor are optical sensors with a single
reference mark and a 1 nm resolution (S) and 4 nm resolution (L). SmarAct® has other types
of sensors that will not be discussed further in this document.

3.2.6 Positioner Movement

SmarAct® provides the software packages required to control the different positioning
stages. The SmarAct® controller is compatible with many programing languages. Here, we
focus on LabVIEW™ as RF-2S team has a long experience in the development of automated
RF solutions based on LabVIEW™. One of the most important aspect while programing the
positioners is the choice of the movement type as this will change the behaviour of the
positioner stages completely. Hence, it is important to understand the different positioning
movement modes. Whether it is under LabVIEW™, the MCS2 controller software or the hand
control module, we always find the same movement types:

= Absolute Closed-Loop mode
= Relative Closer-Loop mode
= Absolute Scan mode

= Relative Scan mode

= Step mode

The Step mode is the standard or the basic movement type and the easiest to implement. It
does not allow any control or feedback regarding the position of the stages. Hence, its
effectiveness is limited. The controller sends the stage a command that specifies the number of
steps the stage needs to achieve. The frequency and the amplitude of the impulsions need to be
known too. Figure 3.2 shows a representation of the Step mode.

Frequency of impulsions
—_—

. . . Stage movement
Amplitude of impulsions
- System —m7m—

Number of impulsions
—_—

Figure 3.2 Representation of the SmarAct Step mode.

The Closed-Loop mode uses the feedback from the stage sensor in order to obtain precise
movements. It considers the desired travel to achieve as a reference or a target. It uses the step
mode while the control system regulates in real time the movements in order to obtain a
quantifiable displacement. Figure 3.3 shows a representation of the Closed-Loop mode.
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Frequency =

Referenc Stage movement
Regulator Amplitudle —————| System

Number ——mm

Position
sensor

Figure 3.3 Representation of the SmarAct Closed-Loop mode.

As described in the SmarAct® technology section, the Scan mode allows controlling the
extension of the piezo-element, enabling precise movements. However, no step is performed,
thus, the maximum travel is very limited. Figure 3.4 shows a representation of the Scan mode.

Reference Stage movement
Amplitudle ——— | System

Position
sensor

Figure 3.4 Representation of the SmarAct Scan mode.

In the following, we explain the difference between the “absolute” and the “relative” options.
It is important to note that only a mode with a controllers can benefit from the two options.
Hence, the Step mode is not concerned. When a movement request is made to the positioners,
it can be:

= Absolute: when a movement request is done with the “absolute” option, the value requested
is considered as a target position to reach. For example, if we indicate 100 um, the positioner
will reach that position considering the middle of the stage as its zero reference (by default.
This parameter can be changed)

= Relative: when a movement request is done with the “relative” option, the value requested
is considered a “step”. If we indicate 100 pum, this distance will be added to the actual
positon of the stage.

3.3 Positioner Properties

Several parameters can influence the precision and the behaviour of the positioners. We can
achieve the desired outcome by modifying and adjusting these parameters. Two key parameters
that are particularly important for the SmarAct® positioners are the maximum velocity (or
speed) and the acceleration. In this study, we will examine and analyse these two parameters.
We use the following stages: X direction SLC2430ds-22, Y direction SLC2430ds-23, Z
direction SLC1730ds-40.
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Figure 3.5 Actual images of the SLC2430ds-22 (X), SLC2430ds-23 (YY), SLC1730ds-40 (2)
stages.

By default, the MCS2 controller set the velocity to “0”. That means that the controller does
not impose any restriction on the stage. Thus, the only limit is defined by the physical and
mechanical performances of the positioner. Here, we still ignore the velocity that the controller
imposes by default. In order to determine this value, we will impose different velocities to the
positioner. We consider a target position of 3 mm, the positioner is in closed-loop and we
monitor the position in real time. Figure 3.6 shows the displacement of the positioner as a
function of time for different velocities. We observe that over 20 mm/s, the curves overlap. We
can conclude that the physical limit of the positioner is reached. We can obtain the velocity
limitation of the positioner by calculation the slope of one of the four curves. Thus, the
maximum velocity as limited by the MCS2 controller is approximatively 17 mm/s. Using the
positions, the velocity and the time, we can obtain the maximum acceleration, here 181.137
mm/s2.

35 T T T T
3 [ -
—~2.5F i
E ——0 mm/s
E 2 —1mm/s |
g 5 mm/s
%1.5— r T r — 10 mm/s |
o —20 mm/s
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Figure 3.6 Displacement of the positioner as a function of time for different velocities
considering the X direction and the SLC2430ds-22 stage.
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Other parameter regulate the behaviour of the positioner: frequency of the voltage
impulsions. In particular, two modes named step frequency and closed-loop frequency can be
considered. Here, we focus on the closed-loop frequency. This parameter acts directly on the
speed of execution of the positioner and affects the velocity and the acceleration. Here again,
we impose different frequencies to the positioner. We consider a target position of 3 mm, the
positioner is in closed-loop and we monitor the position in real time. Figure 3.7 shows the
displacement of the positioner as a function of time for different frequencies. We observe that
when the frequency of the steps increases, the positioner is faster to reach the target position.
By extracting the maximum velocity for each frequency using the position over time curves in
Figure 3.7, we obtain a linear relationship between the frequency and the velocity and by
extension, the acceleration. This is shown in Figure 3.8. Therefore, the maximum velocity of
17 mm/s that we obtained earlier corresponds to a frequency of 5000 Hz. The positioner can go
up to 70 mm/s at 20 kHz. However, the frequency will not only act on the velocity, but also on
the thermal stability of the MCS2 controller. In order to avoid any overheating problem of the
controller, a maximum frequency of 5000 Hz is considered in this work.
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Figure 3.7 Displacement of the positioner as a function of time for different frequencies
considering the X direction and the SLC2430ds-22 stage.
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Figure 3.8 Maximum velocity as a function of frequency considering the X direction and the
SLC2430ds-22 stage.

Another interesting aspect of the positioner to quantify is its static accuracy. Here, we check
if the controller is able to maintain a fixed position with precision. Two control modes are
tested. The controller is either:

= Stopped: and ceases any operation on the piezo-electrical part,
or

= Holding: where the positioner continuously controls the position by making slight
modifications on the piezo-electrical part to maintain the target position imposed.

In order to observe the position error over time, we monitor the Z stage. Indeed, the vertical
Z stage is directly subject to the gravitational force pulling the piezo-electrical part down. The
“closed-loop” (CL) corresponds to an active control of the position and the positioner is
“holding”. The “open-loop” (OL) corresponds to no active control of the position and the
positioner is “stopped”. Also, we monitor the stages when free of charge not loaded (NL) and
when loaded (LO) with an additional weight. Therefore, four configurations are tested: Closed-
Loop Not Loaded (CL NL), Closed-Loop Loaded (CL LO), Open-Loop Not Loaded (OL NL),
and Open-Loop Loaded (OP LO). Figure 3.9 shows the drift over 30 min for the four
configurations.
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Figure 3.9 Drift over time of the positioner considering the Z direction and the SLC1730ds-40
stage.

According to Figure 3.9 we see that when the positioner is operating in the closed-loop mode
(holding) there is no drift. The positioner is controlling the position in real time even when the
stage is loaded with an additional weight. In the open-loop (stopped) however, we observe a
significant drift: 0.25 um when the stage is not loaded and 0.5 um when the stage is loaded. We
conclude that a real time position correction is necessary in order to keep a fixed position and
avoid any drift related issues.

Table 3.3 shows some additional properties of the positioners.

Table 3.3 Positioner Properties.

Max Closed-Loop Frequency | The maximum frequency driving the stick-slip piezo-stage
for closed-loop movement commands. The maximum
allowed depends on the positioner and the environment.
Valid range is 50 ... 20000 Hz.

Default Max Closed Loop The default value at device start up for the maximum closed-
Frequency loop frequency. The default frequency is 5000 Hz.
Step frequency The frequency that open-loop steps are performed with. The
default frequency is 1000 Hz. The valid range is 1 ... 20000
Hz. Used.
Step Amplitude The amplitude that the open-loop steps are performed with.

The step amplitude is 16-bit value from 1 ... 65535n where
65535 corresponds to 100 V. The default amplitude is 100 V.

Control Quantum 0.0015259 V

Position Quantum 53.41 pm
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3.4 Automated and robotic probing station: hardware

development

The aim of this work is the development of a nanorobotics and automated probe station for
on-wafer GSG measurements. The station is developed completely from scratch. Therefore, the
hardware development constitutes the longest and more complex part of this work. Indeed, it
involved interfacing different elements of different nature that are not designed to work
together. A considerable effort was put into developing an operational on-wafer probing station
in the given time. Table 3.4 shows the specification sheet followed in order to develop the
robotic and automated on-wafer probe station.

Table 3.4 Specification Sheet regarding the development of the robotics and automated on-

wafer probe station.

Context

The miniaturization of RF devices is essential for the
development of new technologies, but it requires
advances in the metrological characterization, especially,
accurate S-parameters measurements. One of the main
challenges is the precise and accurate on-wafer
measurement of the electrical properties of micro- and
nano-devices

Objective

Development of a new generation of on-wafer probe
station that is robotic and automated

Instrument specifications

- Automatic alignment of GSG probes on DUTs
- Accurate and repeatable positioning

- Low noise instrumentation

- Compact solution

- Easily integrable in industrial environment

Environmental specifications

- Controlled vibrations (early goal)
- Controlled temperature and humidity (end goal)

Instrument design

- SolidWorks® mechanical design of different parts of the
station: probe attachment pieces, camera bridge

- Fabrication of the different elements at IEMN and
external commercial companies

Instrument implementation

Link the different elements efficiently

Software development

- Brainstorming on the technique to use

- Explore each proposed idea and test its viability

- Final program architecture

- Develop each part of the program alone followed by
tests and validation

- Complete program

Testing

- Implementation of the automation program
- Testing with no sensitive instruments (probes, DUTS)
- Validation and test on the complete system

In the following, we present the different part or “Sub-systems” that compose the station as
well as the challenges faced with each element. The station is built up with:
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» Newport™ M-VIS3036-SG2-325A optical table: 750 x 900 x 59 mm with pneumatic
isolators. It allows a horizontal isolation at 5 Hz and 10 Hz of 90% and 98% respectively
and a vertical isolation at 5 Hz and 10 Hz of 90% and 98% respectively. We chose pneumatic
isolators in order to have a good removal of building vibrations.

Acquiring the optical table took more than a year. Two main reasons are behind this delay.
First, a market evaluation had to be done in order to choose the most suitable table for our
application. Criteria were efficiency, size, integrability, and budget. We opted for a medium
sized table to fit the dedicated space. The integration of pneumatic isolators required an air
pump as the building is not equipped with an air system. Finally, the purchase was done only
when the budget was available. The optical table is a key element of the station as it highly
reduces the influence of the building vibrations. Working with nano-positioners makes sense
only if the vibrations are small enough to allow a sub-micrometric accuracy.

= Keysight® 5008A Streamline Series USB Vector Network Analyzer: compact 2-port VNA
100 kHz — 53 GHz. We chose the Streamline because it offers a compact solution. Indeed,
with its small physical dimensions and weight (Table 3.5), it is possible to integrate it
directly on the optical table and as close as possible to the probes. This also allow having
short cables, reducing the system’s measurement uncertainties. In addition, the Streamline
is completely automatable via Keysight® software Command Expert or LabVIEW ™. The
last is the best solution as our system is using LabVIEW™ for the automation part.
Here again, we were confronted to purchase delays (budget, delivery time). Once the equipment
available, time was spent understanding how it works and most importantly how to connect it
to other software: LabVIEW™ (as explained before) and Wincal™. Wincal™ is the calibration
software by FormFactor™. It allows on-wafer calibration using multiple calibration algorithms.
Specific manipulations are necessary to connect the VNA to the software.

Table 3.5 Keysight® Streamline PS008A physical properties (dimensions/weight).

Dimensions / Weight \ Keysight Streamline PSO08A

Width 176 mm (6.93 in.)
Height 48 mm (1.89in.)
Depth 333 mm (13.11 in.)
Weight 2.02 g (4.45 Ibs)

» MegaPhase UltraPhase™ Cable Cables: 30 cm flexible cable up to 67 GHz with 6.9 dB/m
attenuation. We chose the most flexible and lighter cables possible in order to apply the least
tension on the positioners. The cables are also very short, which reduces measurement
uncertainties.

= Moticam CAM-1080P HDMI camera: 2 MP resolution, 60 fps 1080 p, HDMI, USB with
dedicated software for calibration and measurements. The Moticam camera is easy to use
and easy to install. The software provided allows calibration for dimensional measurements
according to the zoom used (Figure 3.10).
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Figure 3.10 The Moticam CAM-1080P HDMI camera (www.micromecanique.fr).

= MPI OP-Z10 Zoom Microscope: optical factor 0.85x — 8.5x (10:1), down to 2.5 pum
resolution, 90 mm working distance. The working distance is perfect for same probes and
DUTs manipulation. The zoom also includes a manual fine focus block. It is mounted on a
90 ° angle fixation block to rotate the zoom and proceed to more complex probe/DUT
manipulation that required more space (Figure 3.11).
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Figure 3.11 The MP1 OP-Z10 Zoom Microscope. In red, the 90 ° angle fixation (MPI
Corporation All Rights Reserved).

Before acquiring the MPI camera, we considered other more sophisticated cameras available
on the market. However, we had to compromise between functionalities, performance and
access to the software. Indeed, we finally chose a manual camera that allows good
performances. As the system is in early development, the MPI camera is sufficient. Future
updates might integrate an automated camera.
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Due to the architecture of the camera, it was impossible to integrate it directly to the system.
A ““camera bridge” was designed and fabricated at the IEMN. The bridge had to be strong
enough to support the weight of the whole camera. Also, it had to respect the working distance
of the Zoom Microscope. The 90 mm distance between the lens of the zoom and the surface of
the DUT was taken into account in the design of the bridge. Figure 3.12 shows a schematic
representation of the optical bridge. The adjustment brick shown was added later to fix the final
height of the bridge. Figure 3.13 shows the final version of the optical bridge installed in the
station.

Ajustement brick
16.8 cm 1~

N

Figure 3.12 Schematic representation of the optical bridge.

Figure 3.13 Optical bridge installed on the probing station.

= SmarAct® MCS2 controller: Rack Housing system with six slots (18 stages), closed loop
control (Figure 3.14). As explained previously regarding the MCS2 controllers, each slot
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controls up to three stages. The probes are mounted on four stages each and the chuck on
three stages, making it a total of 11 stages. Therefore, we chose the rack housing. Extra slots
are available and will allow the station to host more probes, DC probes for example for DC

a i £ Af 2] -
!: @ A'ﬁ A'ﬁ A.i 2 A

Figure 3.14 The SmarAct® MCS2 controller Rack Housing system.

= SmarAct® positioning stages: three linear stages and one rotation stage for the probe, 2
linear stages and one rotation stage for the chuck (Table 3.1, Table 3.2).

= FormFactor™ Infinity GSG probes with 100 pum pitch (Figure 3.15). The station is
configured for the commercially available Infinity GSG probes making the station suitable
for industrial application. Challenge faced with the Infinity probe was to find a mechanical
solution to adapt the probe to the positioners. Details regarding this matter will be explained
later.

Figure 3.15 FormFactor™ Infinity GSG probe (the 150 um and 100 um pitch are similar in
shape and size, only difference is the tip).

Figure 3.16 shows a complete schematic representation of the robotics and automated probing
station for on-wafer GSG measurement based on SmarAct positioners.
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Figure 3.16 Schematic representation of the robotics and automated probing station.

Figure 3.17 Top view picture of the probes and the chuck with a caibration substrate (I?eft).
Side view picture pf the probes and the camera (right).
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Figure 3.18 Side picture of the complete probing station (top). Top view picture of the complete
probing station (bottom).
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Figure 3.19 LabVIEW™ dedicated screen (left). Wincal™ dedicated screen (middle). Camera
feedback dedicated screen (right).

In the following, we show how the RF probes were attached onto the positioners.
Considering the geometry of the Infinity GSG probes, attachment pieces were designed using
SolidWorks® and fabricated to fix and secure the probes. In addition, metallic attaches were
added to the chuck in order to fix the DUT. From now on and in order to simplify the
designation, we refer to the four positioning stages holding the probe as “the probe positioner”
and to the three positioning stages of the chuck as the “chuck positioner”.

Figure 3.20 shows the three linear stages of the probe positioner. As we can see, the
positioner is not adapted to hold a GSG probe as it is. Special attachment pieces were designed
and fabricated in order to attach the probe. Figure 3.21 shows the attachment pieces 3D printed
in PLA (at IEMN). Figure 3.22 shows the fabricated pieced in metal by Materialise (an external
commercial company).

Figure 3.20 SmarAct probe positioner.
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Figure 3.22 The fabricated pieced in Al6061 by Materialise (external commercial company).

There are three pieces. The first one is fixed along the Z stage on the probe positioner and
holds the rest of the pieces as well as the probe. Thus, this piece needs to be secured correctly
in order to maintain the probe. The second piece is fixed to the first piece from one side and to
the rotation stage on the other side. The third and last piece is fixed to the rotation stage. The
GSG probe will be fixed to the third piece. All pieces need to be fixed tightly to ensure the
stability of the system. Figure 3.23 illustrates the attachment pieces.
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Translation stages

77

Figure 3.23 1% piece attached to the Z stage, 2" piece attaching the 1st piece to the rotation
stage, 3" piece attaching the rotation stage to the probe

Figure 3.24 shows a schematic representation of the Infinity GSG probe attached to the
positioner. Figure 3.25 shows the actual probe mounted on the positioner. Finally, the positioner
is fixed on the station from its base. In total, two probe positioners are present on the station.

Figure 3.24 SmarAct probe positioner with the attachment pieces and the Infinity GSG probe.

84



Figure 3.25 Actual picture of the Infinity probe mounted on the four stages positioner.

Figure 3.26 shows the three stages of the chuck positioner. The chuck is mounted on the
rotation stage on the top. The dark grey part of the chuck can slide and detach from the rest in
order to insert devices under test easily. The yellow metallic fixations allow the devices under
test to be fixed tightly for measurements, as there is no vacuum system. The whole positioner
will is fixed to the station from its base.

Figure 3.26 Schematic representation of the chuck positioner.

The last piece of the station to be designed is the top plate that carries the probe positioners.
Figure 3.27 shows the original design provided by SmarAct®. Unfortunately, the inside hole
was not wide enough to allow the probes to move freely and without a risk of collision with the
hole edges. Therefore, we designed another top plate that allows better movement for the
probes. The design is shown in Figure 3.28, and was designed using SolidWorks® software
and fabricated at the IEMN laboratory. It also enables the probes and the chuck to cover an
entire DUT that would be placed on the chuck, which the previous version of the plate did not
allow for.
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Figure 3.27 Original design of the top plate as provided by SmarAct® (quotations are in mm).
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Figure 3.28 Design of the top plate after modifications (quotations are in mm).

Figure 3.29 shows the automated and robotics GSG probing station based on the SmarAct
positioning stages. The station is fixed from its base to an optical table. The optical camera is
positioned and centered over the station. The RF cables were chosen light enough and flexible
enough so that they do not apply to much pressure on the probe positioner. Indeed, the maximal
lift force of the positioners (SLC series) is 1.5 N.

It is important to note that the station was designed and developed from scratch. The RF-2S
team is actually working on mechanical modifications in order to improve the performance of
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the station. For example, the cables should be supported and fixed to minimise cable torsion
leading to measurement uncertainties.

Figure 3.29 The automated and robotics GSG probing station based on SmarAct positioners.

3.5 Positioning repeatability of the SmarAct nano-positioners
with a DC probe

One of the early steps in the development of the automated and robotic on-wafer probing
station is to quantify the mechanical performance of the system. To this end, a DC probe was
mounted on one of the nano-positioners. Manually, the DC probe was brought in contact with
a gold substrate. The contact position is saved into the program. Then, the probe is raised by
100 um above the surface. The retract position is also saved into the program. The alignment
of the probe along the X and the Y axis are fixed then locked for the rest of the experiment. 10
successive and automated repositioning of the DC probe on the gold substrate are made and the
movements along the Z axis are monitored. Figure 3.30 schematizes the experiment.

Figure 3.31 shows the 10 successive positions of the DC probe on the gold substrate as well
as the target position. It shows that the reached position oscillates randomly around the target
position. Those oscillations are attributed mainly to environmental vibrations that were not
cancelled by the optical table.

Figure 3.32 illustrates the absolute positioning error of the DC probe along the Z axis for 10
successive positioning at 500 nm/s. Table 3.6 gives the maximum absolute error, the minimum
absolute error and the mean absolute error calculated for 10 positioning as defined by (4.24),
where z is the reference contact position and z; is the i** position (i = 10). Retract distance
was 100 um and the nano-positioner was moving at (a) 500 nm/s and (b) 1 ym/s.

AbsError = |z — z;| (4.24)
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Figure 3.30 Schematic representation of the positioning repeatability process.
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Figure 3.31 Position of the DC probe along the Z axis for 10 successive positioning.

From Figure 3.32 and Table 3.6, we can see that after 10 repositioning of the DC probe, the
absolute error is kept relatively small. The maximum error is around 4 nm and 6 nm at
500 nm/s and 1um/s respectively. We observe that when moving at a reduced speed, the
positioner is more accurate. It is important to note that even though the probing station is set on
an optical table, the environment is still not completely controlled.
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Figure 3.32 Absolute positioning error of the DC probe along the Z axis for 10 successive
positioning at 500 nm/s.

Table 3.6 Maximum absolute error, minimum absolute error and mean absolute error for 10
positioning at two different positioner’s speed.

Speed max AbsError [nm] min AbsError [nm] mean AbsError [nm]
500 nm/s 3.944 0.138 1.8606
1 um/s 5.514 0.191 2.432

3.6 Static drift of the positioners with the Infinity probe

Previously, we showed the static drift of the Z-axis of the positioners in closed and open
loop when loaded with extra weight and not. Here, we present a similar study. However, the
station is used in its final version. Meaning, the positioners are on the optical table and
vibrations are cancelled. Also, the Infinity probes are mounted on their positioner.

The aim of this study is to evaluate the static precision of the positioner, especially when the
RF cable is attached to the probe and the VNA from both ends, which applies an additional
tension to the positioner. Hence, we want to compare the precision of the positioner when the
cable is connected to both the probe and VNA and when it is connected to the probe only. The
positioners have been given a static position, and put on “holding” mode (real time closed-loop
position correction). The position on the X, Y, and Z axis were monitored over 30 minutes for
the two configurations: probe alone, probe with cables attached.

Figure 3.33 shows the positioner and the probe we used. Positioner type is the same as used
previously (SLC2430ds (X), SLC2430ds (Y), SLC1730ds (2)).
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Figure 3.33 Probing station: Positioner with the DC probe and the RF cables attached on the
optical table.

Figure 3.34 shows the absolute error of the static positions of the probe positioners over 30
minutes of monitoring for the three axis (stages) for the cable attached to the probe only. Figure
3.35 shows absolute error of the static positions of the probe positioners over 30 minutes of
monitoring for the three axis (stages) for the cable attached to both the probe and VNA. We
observe that the absolute error is relatively small, a few nanometres only for both cases. The
positioner maintains a precise and accurate position over 30 minutes. The remaining oscillations
are due to the vibrations that were nor completely cancelled by the optical table. Table 3.7
shows the mean and maximum absolute error calculated for both configurations. For the X and
Y axis, the errors calculated when the cable is attached to the probe only are slightly smaller
than when it is attached at both ends. For the Z axis however, the error is bigger when the cable
is free on one side. This could be explained by the fact that when the cable is exercising a
constant tension, the positioner is working harder to maintain the position and hence have a
better overall performance. In addition, we can see that the error on the X axis are bigger that
on the Y axis. This is due to the direction of the cable. Indeed, it is more pulling on the X-axis,
introducing slightly more errors.

Table 3.7 mean and maximum absolute error calculated for both configurations.

[nm] ‘ X ‘ Y ‘ z

Abs

Error Probe Probe + cable Probe Probe + cable Probe Probe + cable
Mean 0.5167 0.8631 0.3004 0.7743 1.0623 0.4149
max 2.206 2.7300 1.6590 2.3820 2.9630 1.7560
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Figure 3.34 Absolute error of the static positions of the probe positioner over 30 minutes for
the cable attached to the probe alone. X-axis (top). Y-axis (middle). Z-axis (bottom).
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Figure 3.35 Absolute error of the static positions of the probe positioner over 30 minutes for
the cable attached to the probe and the VNA. X-axis (top). Y-axis (middle). Z-axis (bottom).
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3.7 Automated and robotics probing station: Software

development

SmarAct provides Software Development Kits (SDKs) for seamless and rapid integration of
the positioning systems in the working place. These SDKSs include detailed documentations of
all functions and procedures allowing easy and smooth implementation. They include C/C++,
Python® and LabVIEW™,

In this work, we rely on LabVIEW™ programming. It allows the centralisation of the whole
automation process: image recognition, positioners’ movements according to the image
information and VNA settings and measurement data acquisition once the positioners are in
place. Figure 3.36 represents a simplification of the automated and robotics probe station
algorithm in LabVIEW™, The pattern detection bloc consists of the camera module and the Al
Vision module. The first one connects the camera to LabVIEW™ and contains the camera
parameters and settings. The second one is a LabVIEW module and contains all the templates
and settings for image recognition. The positioners control bloc consists of the MCS2 Settings
module and the MCS2 controller. The first one contains the settings of all the positioners
connected to the MCS2 controller. The second one enables the positioners to move and align
according to the execution of the program. Lastly, the VNA block consists of the VNA Settings
module that contains the VNA settings and the VNA module that executes the commands sent
by the program such as triggering the measurement or saving the measured data. The execution
of the program for a 2-port calibration on the 101-190 C Impedance Standard Substrate (ISS)
regarding the positioners behaviour is as follows:

= Phase 1: using the feedback of the camera and Al Vision Module, the alignment marks of
the ISS are detected. Especially, the center of the alignment mark is located as well as the
angle between the structure and the frame of the camera. In addition, the tips of the two
probes are detected, their centers and the angle between the parallel that links the three tips
and the parallel of the camera frame. Figure 3.37 shows a schematic representation of the
angles between the test structure, the probe tips and the frame of the camera.
= Phase 2: the probes are aligned with the alignment marks according to the coordinates
obtained in the 1% phase. Using the positioners of the probes and the chuck, the probes and
the ISS are aligned in such way that the probes’ tips are perfectly centred with the structure
and the angle between the tips and the structure is 0. To complete the phase, the probes are
lowered until establishing a good contact*. The position of the probes along the X and Y
axis are saved and locked.
= Phase 3: the operator choses one of the four calibration standards. The Al Vision Module
will recognise the calibration standards and locate its center and angle similarly to the
alignment mark in 1% phase.
= Phase 4: the standard is centred according to the probes using the positioners of the chuck
only. Once the alignment is completed, the probes are lowered and the measurement can be
launched. The probes are raised at the end of the measurement. Phase 3 and phase 4 are
repeated for each calibration standard.
* In order to define the contact position, once the probes come in initial contact, we apply an
additional overtravel until the probes’ tips are perfectly aligned with the alignment structure
as advices by the constructor of the ISS. This overtravel corresponds to 20 pum in our case. The
first contact is detected automatically when the probes begin to skate. This value has been
defined manually and implemented in the program.
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** VNA measurements are done in parallel and measurement data are saved.

Table 3.8 shows the different patterns used by the NI Vision module to recognise the
different standards of the ISS as well as the tips of the GSG probes. Images were captured by
the camera using the same parameters (brightness, contrast). Those parameters are locked in
the camera software. Indeed, we discovered that the camera automatically readjusts those
parameters to give the best image. However, when the brightness or the contrast are changed,
the patterns captured do not work anymore with the same accuracy. Therefore, we fixed those
values definitely. Table 3.9 shows an example of the program execution on the alignment
structure of the ISS.
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Figure 3.36 Automated and robotic probe station algorithms in LabVIEW™,
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Table 3.8 Template used by the NI Vision module captured with the camera on the ISS.
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Table 3.9 Example of the execution of the program on the alignment structure of the ISS.

The alignment structure and the tips
of the probes are detected and
marked in red.

The alignment structure is centred
with the two probes using the nano-
positioners along the X, Y, Z, and 6
axis.

The probes are brought closed to
each other until the tips reach the
first edge of the structure. This
distance has been tested many times
and saved as a fixed value. Positions
are saved and the X, Y, 6 are locked.

The probes go down until the first
contact is established. The overtravel
is then applied. The probes are raised
again at the end. Here we can see the
detection of third tips was lost. This is
due to imperfections on the probe
edge that can be detected as tips. At
this stage, this does not affect the
program.

(o]
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3.8 Conclusion

Throughout this chapter, we explored the SmarAct technology and determined the key
positioner parameters. The insights gained provide a robust framework for optimizing SmarAct
positioners and allow achieving nanoscale accuracy with confidence. The positioners were
successfully implemented into the on-wafer probe station allowing accurate GSG
measurements. LabVIEW™ programming offered an automated solution based on image
recognition and a full control of the instrumentation present in the probing station. In the next
chapter, we investigate the performance and limitations of the station trough on-wafer
calibrations and measurements.
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4. On-wafer RF measurements
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Introduction

Fine control and improvement of the probe tips-to-pads for on-wafer measurement is
required to address accurate characterization of microwave and mm-wave extreme impedance
devices foreseen in future RF semi-conductor industry [1]. In particular, there is an urgent need
to assess the traceability and the variability of agile micro- and nano-devices expected in future
5G applications and beyond [2], [3].

In chapter one, we presented a typical on-wafer probe station which consists of a VNA, a
probe station with a pair of microwave GSG probes aligned manually or automatically through
a microscope or a camera system onto calibration substrate and test devices [4]. In chapter two,
we presented the errors related to the instrumentation such as drift, stability, and contact
repeatability. Those errors degrade the measurement accuracy, especially as the frequency is
raised [5], [6], [7], [8]. In particular, measurements are sensitive to X, Y, Z, and © positioning
of the GSG probe contacts with respect to calibration standards and devices pads [9].

In this effort, we propose a general framework including comparison between conventional
and proposed RF instrumentations, measurement and analysis methodologies, targeting “best
case uncertainty” on-wafer measurement. Indeed, “worst case uncertainty” is a terminology
commonly found in technical documents of commercial VNASs. In this context, measurement
errors are provided to situate the overall measurement performance. These errors take into
account several parameters and are often over-estimated. In other words, such errors are not
reached in practice. Our investigation is more challenging by providing to the user the “most
accurate” quantitative data that can be expected for a particular measurement configuration.
Obviously, there are still residual sources of uncertainties, but we believe that the approach
proposed can be further enhanced in the future, in particular by close collaboration with
European NMls.

In this chapter, we first consider measurements performed on a conventional manual probe
station. The measurement uncertainties inherent to misalignment of the probes onto the
calibration structure are quantified. Those uncertainties are then propagated theoretically to a
wide range of impedances. These results are instructive as they suggest that conventional
measurement systems using manual positioning stages induce large measurement uncertainties
for accurately characterize extreme impedances, proving the need for more accurate techniques
such as automated probing stations.

In a second step, we present a brief repeatability study conducted on the automated and
robotic on-wafer probe station that we developed. The aim is to quantify the probes alignment
repeatability on the different measurement structures.

Finally, we use measurements from the automated and robotic station and propagate the
measurement uncertainties obtained to the impedance to be measured similarly to the first
experiment. A comparison between the manual station and the automated one is then presented.
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4.1 On-wafer measurement uncertainties related to probes to
pad alignments from manual probing station

4.1.1 Methodology for the determination of residual calibration error
terms

4.1.1.1 On-wafer experimental set-up and configuration

In order to determine the measurement uncertainties inherent to the alignments of the probes
onto the calibration structures, we used a manual on-wafer probing station. The experimental
setup involves a MPS150 conventional on-wafer probe station from Cascade Microtech®
equipped with a pair of 100 um pitch GSG Infinity® probes. The VNA used for the S-
parameters measurements is an E8361A (PNA) operating up to 67 GHz from Keysight
Technologies®. The intermediate frequency bandwidth (IFBW) is set to 100 Hz and the RF
signal source to —10 dBm. The frequency range is set from 50 MHz to 67 GHz with a
frequency step of 50 MHz (1340 points). Two 1.85 mm coaxial RF cables from Gore® are
used to connect the probes to the VNA. The calibrations are done on the impedance standard
substrate (ISS) PN 101-190 C from Form-Factor ™. The software Wincal™ is used to perform
the LRRM calibration algorithm. Figure 4.1 shows the manual station used.

g i

Figure 4.1 Manual probe station in the characterisation platform at the IEMN laboratory.
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In chapter two, we presented the 12-error term method for network calibration as well as the
LRRM (Line-Reflect-Reflect-Match) algorithm. The software used provides the 12 calibration
error terms namely directivity ey, transmission tracking e;qpes,, reflection tracking e;gepq,
source match e;;, load match e,,, leakage (cross-talk) e;, (neglected). Developments in error
model throughout the years led to changes in the model presentation. The error terms can be
written as follow: directivity Ep,, transmission tracking E;, reflection tracking Eg, source
match Es, load match E;, leakage (cross-talk) Ey [10].

Ex
p-
1 a‘l 821 b2 ET l
o + > — > — o
dp
YEb Es4 Sy1  Sxp4 EL
bg b‘1 a
o | < ) . — < h—

Figure 4.2 12-terms error model in the forward direction represented by the error coefficients
Ep, Es, Er, E, ET, and Ex [10].

To solve the calibration problem, we start by solving for Ej, Er and Es using the one-port
calibration method at port 1 (same procedure at port 2 for the reverse direction). Then, by
connecting the two ports together, we obtain the remaining coefficients in the forward direction
(same procedure for the reverse direction. The crosstalk in neglected and equals to 0) [11]:

S11y — Ep
E, = 4.25
L= S By — (EpFs — Ep) (4.25)
Er = 521M(1 — EsEp) (4.26)

4.1.1.2 Vector calibration

Two sets of measurements were carried out on the same day in a controlled environment
with temperature variations less than + 1°, stable ambient hygrometry set to 50 % and anti-
vibration building. On the first half of the day, we did a first set of measurements called Z-
analysis; on the second half of the day we did the second set of measurements called XYZ-
analysis.

The Z-analysis is performed according to the following protocol:

= 10 LRRM calibrations are performed independently

= For each standard, e.g., short, we fixed the alignment of the probes on the X, Y and Z axis.
Once the contact is correctly done, we move the probes on the Z axis only using the manual
handle of the probing station in order to perform 10 successive measurements of the short
standard. We repeat the same procedure for the other standards

= 10 LRRM calibration files are created
The XYZ-analysis is performed as follow:
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= 10 LRRM calibrations are performed independently by moving the probes according to the
standards on all the axis (displacement in the centimetre range).
» 10 LRRM calibration files are created.

This procedure allows us to study the influence of the manual alignment of the probes in the
X, Y and Z directions. From each of the ten calibration files, we compute the 12 calibration
error terms using Wincal ™.,

4.1.1.3 Determination of the residual calibration error terms

There are several techniques in order to determine the residual calibration error terms
according to the calibration type or the propagation support [12], [13], [14]. Here, we chose a
statistic method that considers successive calibrations of the same calibration standards. Hence,
the residual calibration error terms are obtained by computing the complex standard deviation
of each one of the error calibration terms (error coefficients). The obtained residual terms are
the signatures of (i) mainly the mechanical repeatability of the probe to contact pads, (ii) non-
systematic errors occurring between the measurements (instrument drift, environment
variations). The residual data are computed for each error term as follows:

N
1
residual error = o = mz&xi —%)2 + (y; — )%} (4.27)
i-1

where x; and y; are the real and imaginary component of the i* error term value, X and ¥ the
means values of real and imaginary parts of the error terms respectively, and N = 10 the
number of measurements. The residual calibration error terms indicate how spread are the
values from the mean data. Consequently, the standard deviation must be kept low to ensure
the repeatability of the measurements. hence, each residual term is as follow [12]:

= Directivity: §,;

= Reflection tracking: 7;

= Transmission tracking: ,

= Source match: p,

= Load match: u,

In addition, to make the link between residual calibration error terms and the measured S-

parameters of the calibration standards, we compute the standard deviation of the measured S-
parameters SijMof the four calibration standards used for the LRRM calibration, namely short,

open, load and thru. All data analysis is done using MATLAB® software.

It has to be mentioned that the method presented is different from the well-known approach
developed by D. Rytting [12] in which all sources of uncertainties are considered
independently. In particular, systematic and non-systematic (noise, connector repeatability,
cable stability, noise drift and stability) errors require a set of specific measurements to identify
and quantify each error contribution [15]. In our case, we consider a global approach with the
main objective being to quantify the impact of manual positioning (Z and XY Z) directly on the
complex impedance to be measured. In the following, a method is proposed to propagate the
measurement uncertainty brought by the residual calibration terms on the impedance in a one-
port measurement scenario. Indeed, although the method can be generalized to any two-port
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network, we focus in the following on the measurement of complex impedance / complex
reflection coefficient only.

4.1.2 Experimental set-up and validation
The method presented previously is applied to derive the measurement uncertainties
considering the 101-190 C ISS from Form-Factor® in the frequency range 50 MHz - 67 GHz.

Figure 4.3 shows the raw reflection coefficient magnitude of the short, open and load
standards considering the XY Z-analysis. Figure 4.4 shows the raw reflection coefficient phase
shift of the short, open and load standards considering the XY Z-analysis.

Figure 4.5 shows the raw reflection coefficient magnitude of the short, open and load
standards considering the Z-analysis. Figure 4.6 shows the raw reflection coefficient phase shift
of the short, open and load standards considering the Z-analysis.
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Figure 4.3 Raw reflection coefficient magnitude of the short, open and load standards
considering the XYZ-analysis for the 10 measurements.

105



g (degrees)

200

100 |

S

200

100 ¢

1

g (degrees)
o

AL .Il L Hnl .

100
]
[0}
'
2
S 0
K
-100
-200

measure 04

-100 measure 01— measure 05— measure 09 | -100
measure 02~ measure 06 measure 10 _— 02 06 10
measure 03 measure 07 measure 03 measure 07
| measure 04 measure 08 measure 04 measure 08
-200 - : 5 -200 - : 5
0 2 4 6 0 2 4 6 8
Frequency (Hz) o0 Frequency (Hz) %1010
(a) (b)
200
01— 05 —— 09
02 06 10

~measure 03 ——— measure 07
measure 08

6 8
x10'°

Frequency (Hz)

(c)

Figure 4.4 Raw reflection coefficient phase shift of the short, open and load standards
considering the XY Z-analysis for the 10 measurements.
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Figure 4.5 Raw reflection coefficient magnitude of the short, open and load standards
considering the Z-analysis for the 10 measurements.
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Figure 4.6 Raw reflection coefficient phase shift of the short, open and load standards
considering the Z-analysis for the 10 measurements.

4.1.3 Standard deviation computed on microwave signals

Figure 4.7 shows the standard deviation computed from the measured complex reflection
coefficients (raw Sy4,,) on the short, open and load standards, considering 10 calibrations for
XYZ-analysis and Z-analysis. From Figure 4.7, we demonstrate that XY Z-analysis results are
in degradation of the measurement repeatability in contrast with the Z-analysis for the three
calibration standards. We observe that for both methods, the repeatability quality decreases
when the frequency rises, up to 20 GHz. From 20 to 50 GHz, the repeatability of the
measurements does not change significantly due to other source of uncertainties (e.g.,
instrumental drift) that become predominant. Consequently, measurement uncertainties in the
lower regime (< 20 GHz) can be improved by suitable accurate probing techniques. In the
upper frequency regime, complementary strategies to identify and remove sources of
uncertainties must be considered.

The individual errors presented in Figure 4.2 and brought by the limited probe to pad
repeatability are combined altogether to impact the overall vector calibration discussed in the

next sub-section.
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Figure 4.7 Standard deviation (Std) obtained from measured complex reflection coefficient
S11,, on the impedance standard substrate (1SS).

4.1.4 Residual calibration error terms

The residual calibration error terms have been computed for both XYZ-analysis and Z-
analysis in the range 50 MHz — 67 GHz. Table 4.1 and Table 4.2 present the data obtained for
the test frequencies 1, 10, 30 and 60 GHz. The Z-analysis shows, as expected, better results in
terms of repeatability. For example, at 10 GHz, the residual directivity error term is increased
by a factor around 12 between Z and XY Z-analysis. We are taking three times the value on the
residual error obtained (30) as is it conventionally used in statistics. Indeed, the 3-sigma rule
of thumb states that approximatively 99.7% of the data points in a normally distributed set will
fall within 3 standard deviations of the mean.

As a preliminary conclusion, these results provide quantitative data to estimate errors
brought by the contact repeatability. In the effort to improve the contact repeatability, NMlIs are
well recognized to guaranty traceability of S-Parameters measurements [5]. On-going works
are clearly oriented towards improving the probe to contact repeatability in the millimetre-wave
(30 — 300 GHz) up to the regime [16], [17]. As mentioned in the introduction, we focus on
the microwave regime (up to 67 GHz) with ultimate objective to address accurate
measurements on extreme impedance devices. In this effort, in the following, we study the
impact of measurement uncertainties obtained in Table 4.1 and Table 4.2 on the determination
of complex impedances.

Table 4.1 3¢ standard deviations computed at 1 GHz, 10 GHz, 30 GHz and 60 GHz
considering the Z-analysis.

Residual error

30 30 30 30
&1 3.7707 x 107° 5.9740 x 107° 1.3925 x 107* 1.4346 x 107*
T 2.0059 x 107* | 1.6715x107* | 2.8929x 10™* | 3.0141 x 10~*
© 11613 x 107* | 1.3879x 10™* | 2.8849 x 10™* | 3.1446 x 10~*
M1 1.3467 x 107% | 24666 x 107* | 9.7239x 10™* | 1.7725x 10~*
H2 1.0131x 107% | 2.7117x10™* | 9.7285x 10™* | 1.7873 x 10™*
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Table 4.2 36 standard deviations computed at 1 GHz, 10 GHz, 30 GHz and 60 GHz
considering the XY Z-analysis.

Residual error

30 30 30 30
&1 1.4871 x 107* 7.4267 x 10~* 1.3433 x 1073 1.3849 x 1073
T 3.2338x 1073 | 2.3201x 1073 | 2.4030x 1073 | 2.3857x 1073
T 3.4017 x 1073 | 2.3523x 1073 | 2.1828x 1073 | 1.9808 x 1073
VE} 4.0127 x 1073 40472 x 1073 6.3975 x 1073 1.3496 x 1072
H2 3.4688 x 1073 | 4.2423x 1073 | 6.4681x 1073 | 1.3530 x 1072

4.1.5 Error propagation on complex impedances

In this section, we propose to highlight limitations of conventional on-wafer probe stations
to address accurate measurement of extreme impedances such as sub-fF (10~1> F) capacitance
values. In particular, we extend the reflection coefficient (S;;) uncertainty error model
developed by D. Rytting [12] to uncertainty impedance (Z) error model. The reflection
coefficient magnitude uncertainty A|S;,| and phase-shift uncertainty A¢ can be written as:

AlSi1| = 81 + 7415111 + ll1|511|2 (4.28)
AlS
Agp = arcsin( | 11|> (4.29)
|S141

Figure 4.8 shows the reflection coefficient magnitude uncertainty as a function of the S,
amplitude at 50 GHz for both Z-analysis and XY Z-analysis.
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Figure 4.8 Reflection coefficient magnitude uncertainty.
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According to (4.28) the amplitude uncertainty increases as a function of Si1 amplitude, as
observed in Figure 4.8. In particular, this implies that measurement of capacitances (|S;; | = 1)
results in relatively large errors. For example, the phase-shift uncertainties computed from (3)
at 10 GHz for (|S;;1| = 1) are 0.027° and 0.4° for Z-analysis and XY Z-analysis respectively.
The Z-analysis generates significantly less measurement uncertainties than the XY Z-analysis.

In the following, we extend the work to uncertainty impedance (Z) error modelling. In [12],
D. Rytting considers the worst-case uncertainty, where residual calibration error terms are
collinear vectors added graphically (to provide maximum A|S;;| and A¢). Although this
method provides the worst-case uncertainty in terms of complex reflection coefficient, we
extend the method by considering a disk error with radius A|S; 4| to propagate the full disk error
on the Z-plane, with:
Z=12, 1S e Zy =500 (4.30)
1-S11
and therefore derive the measurement uncertainty in terms of complex impedance. Indeed, we
investigate all combination values between reflection coefficient magnitude uncertainty and
reflection coefficient phase uncertainty that provide maximum Z-measurement uncertainty.

We consider the S;; measurement uncertainty limited by a y-disk defined by:

x = lxle/®x (4.31)
with € [0; A|Sy,]] and ¢y € [0 ; 2] (Figure 4.9).

The y-disk presented in Figure 4.9 delimits the measurement error area on the complex
reflection coefficient S;,. In the following, we consider a purely capacitive DUT and study the
impact of the y-disk on the determination of the capacitance value. First, we consider the
determination of the measurement uncertainty on a capacitance of 320 fF [Im(Z) =
5002 at 10 GHz] as follow:

= Compute the complex impedance

1
= — 4.32
with w = 27f represents the angular frequency,
= Compute the complex reflexion coefficient
5, = 2% 433
11 — Z + ZO’ .( " )
= Compute the reflection coefficient magnitude uncertainty A|S;;| as given previously in
(4.28),
= Compute the impedance uncertainty AZ using (4.34)
1+ 51+ 1+S
AZ = 7, ( 1nTX 11)’ (4.34)
1 - Sll + X 1 - Sll
= Compute the capacitance uncertainty AC using (4.35)
1
AC=C-—"7 (4.35)

wAIm(Z) + %
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Figure 4.9 Vector representation of the measurement uncertainty on the complex reflection
coefficient Sy1.

Figure 4.10 shows the geometrical propagation of the y-disk on the imaginary part Alm(Z)
of the complex impedance Z considering both Z-analysis and XY Z-analysis. The impact of the
repeatability error between the Z-analysis and XY Z-analysis is highlighted with a degradation
by one order of magnitude considering XYZ-analysis. These results suggest that fine and
repeatable probe to pads positioning is required to address accurate measurements of extreme
impedances.

The impact on the determination of capacitance values is discussed in the following. First,
we consider capacitance values down to 1 fF and compute the measurement uncertainties
Alm(Z) and ARe(Z) at the test frequency 10 GHz (Table 4.3).
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Figure 4.10 Measurement uncertainty AIm(Z) computed by propagation of y-disk on the
complex impedance.

According to Table 4.3, the Z-analysis method shows better performances. As an example,
for a capacitance value set to 320 fF, the relative measurement error introduced by the Z-
analysis is 0.047% whereas the XYZ-analysis reaches 0.7%. It is also shown that for a
capacitance (perfect imaginary impedance value), we introduce a measurement uncertainty on
the real part ARe(Z) of the impedance. Consequently, ARe(Z) represents a series resistor with
the capacitor. The RF measured impedance becomes Z = 0.02302 + j(50 + 0.023) at 10 GHz.
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Table 4.3 Impedance measurement uncertainty at 10 GHz for
Z-analysis and XY Z-analysis.

C(fF) A|S11| Alm(2) (Q) \ ARe(Z) (Q)
Z analysis XYZ analysis Z analysis XYZ analysis | Z analysis | XYZ analysis
320 474 x 1074 71 x 10~* 0.023 0.35 0.023 0.35
100 474 x 107* 71 x 107* 0.13 1.95 0.13 1.98
10 474 x 107* 71 x 1074 11.89 1.61 x 102 11.98 1.83 x 102
1 4.74 x 10™* 71x107* 1.39x10* | 6.73 x 10* 1204 6.5 x 10*

Table 4.4 provides the capacitance measurement uncertainties for the different cases
considered. It is clearly shown that conventional on-wafer probe stations are not suitable to
measure accurately high impedance devices such as sub-fF capacitors. For example, a
capacitance value of 1 fF measured at 10 GHz is characterized with an error around 90 %. The
Z-analysis demonstrates that, if the X and Y movements of the probe are theoretically
controlled, the error can be reduced to ~7%. In addition, the Z-movement should be improved
to foresee measurement of sub-fF capacitances values. In [2], we have tackled the issue of high
impedance measurements by considering a two-port measurement configuration that is less
insensitive to positioning errors. Although accurate measurements on sub-fF55-nm MOS RF
voltage-tunable capacitors have been addressed, the technique is only suitable for one-port
devices (configured in two-port measurements) cannot be used for high impedance two-port
network characterization.

Table 4.4 Capacitance measurement uncertainties at 10 GHz for
Z-analysis and XY Z-analysis.

C(fF) AC (F) AC/C (%)
Z analysis XYZ analysis Z analysis | XYZ analysis
320 | 1.51x1071° 2.24 x 10715 0.047 0.7
100 | 825%x10717 | 1.21x107%° 0.082 1
10 | 7.41x107Y 9.2 x 10716 0.74 10
1 7.03x 1077 | 8.97 x 1071° 6.53 90

4.2 Robotic-manual measurement for 1-port SOL calibration
At early stage of the development of the automated and robotics probing station, we present

results related to manual yet robotic approach for 1-port SOL calibration. Here, we use the
manual joystick of the MCS2 in order to make a series of measurements. The joystick provides
real-time positions of the positioners in all axis. It also enables the operator to switch between
the different mode of the MCS2 (open-loop / closed-loop). Figure 4.11 shows the joystick used
and its different functionalities.
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The experimental setup involves GSG probes (100 um pitch probe from FormFactor™)
mounted on piezo-electric nanopositionning (translation X, Y, Z and rotation 0) stages from
SmarAct®. The impedance standard substrate (ISS) PN 101-190 from Form-Factor®, mounted
on a three nanopositioning (X, Y and ¢) stage is considered for RF measurements. The RF
measurement instrument consists of a compact Streamline 5008A from Keysight
Technologies®. The RF source power and the intermediate frequency bandwidth (IFBW) are
set to -10 dBm and 100 Hz respectively. The frequency range is set from 50 MHz to 50 GHz
with a frequency step of 25 MHz (1999 points). A 30 cm coaxial cable with high phase stability
is used to connect the VNA to the probe keeping the overall instrumentation as compact as
possible. The software Wincal® is used to perform the SOL calibration and to provide
calibration error terms, namely directivity Ep, transmission tracking Et and source match Es.
Figure 4.12 shows the automated and robotics on-wafer probing station.

: Positioner tabs
e L] 493532
s Holding _ Closed L
el 20 981 988 Movement mode
-100 060 029 )
n un nn ' pm AXIS

Real time position

X/Y control 7 Z control

Y control

X control

Figure 4.11 MCS2 joystick.
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Figure 4.12 Automated and robotics on-wafer probing station. MPI® Camera. (2) VNA. (3)
nano-robotic probe station. (4) Controllers.

4.2.1 Measurement protocol
A set of robotic-manual measurements is carried out on the same day according to the
following measurement protocol:

= 10 successive SOL calibrations are performed

= For each standard, e.g. short, we fix the alignment of the probes on the X and Y axis

= We realize a first contact moving the probes on the Z axis. Once the contact is established,
in particular, the horizontal tilt of the probe is adjusted, we save this position as 0 on the
MCS?2 joystick

= We perform 10 successive measurements for each standard considering manual approach /
retract of the probe with stand-off (distance between probe tips and calibration pads) set to
70 um. The positioners are used in closed-loop operation with step increment of 1 pm

= The same procedure is repeated for the load standard and the open standard

Note: the open standard used in the study is the true open from the ISS.

This procedure allows us to study the influence of the probe alignment repeatability on the
Z axis.

4.2.2 Data analysis

Figure 4.13 shows the absolute Z-position recorded by the stage controller after each “n° of
probing”. After each measurement, we perform a new reference to avoid cumulative errors.
Each time the probe is moved up and down, the absolute position deviates from the targeted 0-
position expected value. It has to be reminded that landing of the probe has not been automated
yet and these errors can be reduced by lowering the displacement step and speed.
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Figure 4.13 Absolute Z-position as a function of “n°® of probing” (approach — retract by 70 um)

for (a) short. (b) load. (c) open.

4.2.3 Residual calibration error terms
The residual calibration error terms are computed for the measurement set in the range 50

MHz — 50 GHz.

Figure 4.14 shows the standard deviations calculated for the three error terms, directivity &,,
reflection tracking t; and source match u,. We observe that the repeatability decreases when
the frequency rises. From around 30 GHz to 50 GHz, the repeatability of the measurements
starts to change less significantly due to other source of uncertainties (e.g., instrumental drift)

that become predominant.
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We compare the results displayed in Table 4.5 with results from the manual measurements

Table 4.5 3o standard deviations computed at 1 GHz, 10 GHz, 30 GHz and 50 GHz.

results. As an example, at 10 GHz, the residual directivity for a completely manual probing was
7.43 x 107* against 5.31 x 10~* for the solution proposed. The repeatability was increased by
a factor of 1.4. This result is encouraging as of the viability of our system. It is important to
note that in this preliminary study, we used a step increment of 1 pm. During mechanical test
on the nano-positioners, decreasing the step increment showed a better repeatability.

. 1GHz 10GHz 30GHz 50GHz
Residual error term
30 30 30 30
Directivity 6, 2.89x107* | 5.31x10°* 1.1 x 1073 1.4 x 1073
Reflection tracking T, | 1.82 x 10™* | 5.18 x 10~* 1.2 %1073 1.4 x 1073
Source match p, 2.72x107%* | 6.21x107* | 2.0x1073 3.6 x 1073
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4.2.4 Measurement uncertainty

We investigate the influence of the residual error terms computed from the robotic-manual
measurement set by extending the reflection coefficient (S11) uncertainty error model developed
by D. Rytting to uncertainty impedance (Z) error model as developed previously.Figure 4.15
shows the reflection coefficient magnitude uncertainties as a function of S;; amplitude at 10
GHz for both the robotic-manual approach and the manual probing showed previously. We
observe the amplitude uncertainty increases as a function of Si1 amplitude. The figure also
shows that our solution generates less measurement uncertainties than the manual probing
counterpart does.
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Figure 4.15 Reflection coefficient magnitude uncertainties. (a) robotic-manual approach. (b)
conventional probing.

In the following, we propagate the error |AS;,| on the corresponding complex impedance.
In particular, we focus on reactive devices such as fF capacitances. By considering a
capacitance value down to 1 fF, we derive the capacitance measurement uncertainties. Table
4.6 summarizes the results obtained for both manual measurements obtained previously and the
proposed method here. Mathematical details regarding the error propagation on complex
impedances have been detailed above.

From Table 4.6, it is shown that the conventional probing station is not suitable to measure
accurately high impedance devices such as sub-fF capacitance. As an example, a capacitance
value of 1 fF measured at 10 GHz is measured with an error around 90%. The approach used
in this work, demonstrates that the error can be reduced to 17%. The robotic-manual method
for on-wafer calibration demonstrates reduction of the overall measurement uncertainty. As an
early stage of the development of the new station, this is a promising result.
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Table 4.6 Capacitance measurement uncertainties at 10 GHz.

A A %
Robotic-manual | Conventional | Robotic-manual | Conventional
320 532x 1071 | 2.24x 10715 0.17 0.7
100 2.90 x 10716 1.21x1071° 0.29 1
10 2.52 x 10716 9.2 x 10716 2.52 10
1 1.73 x 10716 8.97 x 10716 17.33 90

4.3 Semi-automated measurements for 1-port SOL calibration

The software development involved in the robotics and automated on-wafer probing station
went through several development stages. In Chapter 3, we presented the final version that
relies of image recognition for the automatic alignment of the probes over the contact pads.
Prior to that, other alignment method were tested. Here, we present a semi-automated version
of the program.

The instrumental set up is the same as presented previously. A 1-port SOL calibration is
done on the ISS in the frequency range 50 MHz — 50 GHz at an IFBW of 100 Hz. The
measurement step is 25 MHz (1999 points) and the power is set at -10 dBm. Figure 4.15 shows
the Infinity GSG probe’s tips aligned with the alignment structure of the ISS.

Figure 4.16 Infinity GSG probe’s tips aligned with the alignment structure of the ISS (on
screen).
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The semi-automated program used was developed in LabVIEW™ and requires: 1- manual
adjustments made by the operator, 2-automated re-alignments of the probe in the ISS. The
measurement protocol is as follow:

1. Manual adjustments:
= Adjust the probe tilt (by seeing the 3 tips marks on the ISS)
= Adjust the chuck angle making it parallel to the probe
= Adjust the X and Y alignment of the probe according to the alignment structure on the ISS
(Figure 4.16)
= Define the contact position
= Define the retract position
= Save the X-axis, Y-axis and Z-axis positions of the probe as reference
2. Semi-Automated calibration procedure
= Align the chuck with the probe according to the 1st standard then save those positions
(chuck’s positions)
= Go to the contact position (this is done automatically using a move command)
= Measure the reflection coefficient of the 1st standard using Wincal®
= Go to the retract position (this is done automatically using a move command)
= Align the chuck with the probe according to the 2nd standard then save those positions
(chuck’s positions)
= Go to the contact position (this is done automatically using a move command)
= Measure the reflection coefficient of the 2st standard using Wincal®
= Go to the retract position (this is done automatically using a move command)
= Align the chuck with the probe according to the 3rd standard then save those positions
(chuck’s positions)
= Go to the contact position (this is done automatically using a move command)
= Measure the reflection coefficient of the 3rd standard using Wincal®
= Go to the retract position (this is done automatically using a move command)
= Save in Wincal® as the 1st calibration then compute the error terms
Now that all positions (probes and chuck for each standard) are known and saved, we can
just use move commands in the LabVIEW™ to repeat N times to have N calibrations. For this
experiment, we repeated the procedure 5 times. We want to evaluate the uncertainties brought
by the semi-automated re-alignment of the probe during the calibration process.

The methodology is the same as used in the manual measurements and the robotic-manual
measurements.

Figure 4.17 shows the standard deviations calculated for the three error terms for 5
consecutive measurements. We can make the same observations as before. The measurement
uncertainties grow as a function of the frequency up to 20 GHz. Above 20 GHz, the increase is
less significant. In the higher frequencies range, other sources of uncertainties become
dominant (instrumental uncertainties) and the effect of the probe alignment on the ISS standards
is shown less. Figure 4.18 represents the reflection coefficient magnitude uncertainties. We
observe similar performances as the robotic-manual approach.

Although results are satisfactory in term of repeatability, we believe that a better degree of
reproducibility can be reached. Indeed, the alignment of the probes is still relying on the
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operator manual adjustments. Another solution have to be used where very few or no manual
operations are required at all.
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4.4 Approach/retract study for probe-substrate surface contact

One of the main challenges, for on-wafer probing, is to ensure the quality of the contact
between the probe and the substrate. Probe manufacturers like FormFactor® usually provide
information about the skating and the overtravel that should be respected in order to establish a
good and accurate contact as shown in Chapter 1. For example, alignment marks are available
on the Impedance Standard Substrate (ISS) to guide the operator while probing. Nevertheless,
this step is very operator dependent as it is done manually and can lead to repeatability issues.
Before implementing this procedure automatically in the final version of the robotic and
automated station, we imagined and investigated a solution that will not rely on the alignment
structure and the vision system but on changes on the RF signal measured by the GSG probe.
The goal is to first detect when the probe is really close to the surface and when it starts touching
it. This can be indicated when there is a sudden change in the measured reflection coefficient.
Once the corresponding position is known, we can apply the advised overtravel of the
manufacturer.

To this end, we slowly and manually approached the probe to the surface of a calibration
standard with the manual joystick of the MCS2 (Figure 4.11). Several displacement steps were
used as well as different starting points over the surface. The probe and the positioner used are
the same. The positions along the Z-axis were monitored and saved.

Figure 4.19 shows the positions along the Z-axis when approaching a 100 um Infinity probe
on a Short standard of the ISS 101-190C. the starting position is 100 um above the surface of
the ISS. Steps increments of 500 nm were done as regularly as possible. The points 0 to 52
corresponds to probe approaching the surface. From 52 to 54, the probe is establishing the initial
contact. From 54 to 62, the probe is skating on the substrate. Finally, point 62 to 65 corresponds
to the probe being lifted from the surface. Although the approach/retract was done manually,
displacements of the probe are steady. In a similar way, Figure 4.20 shows the positions along
the Z-axis of the probe approaching the substrate from 50 um with a 100 nm step increment.
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Figure 4.19 Position of the probe along the Z-axis when approaching the probe from 100 pum
above the surface with a 500 nm step increment.
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Figure 4.20 Position of the probe along the Z-axis when approaching the probe from 50 pm
above the surface with a 100 nm step increment.

Figure 4.21 shows the real part of the measured refection coefficient when approaching from
100 um with 500 nm step. We observe that when the probe is far from the surface, the signal is
small. When the probe gets close to the surface, we can see that the signal start to increase.
When the probe touches the surface, we observe a sudden and high increase of the signal. Here,
we keep approaching the probe in order to have a good contact. We can see that the signal is
completely flat when the probe is correctly in contact with the substrate. We observe a similar
but inversed behaviour when retracting the probe from the surface. Figure 4.22 shows the real
part of the measured reflection coefficient when approaching from 50 pm with 100 nm step.
We observe the same behaviour. No matter the height, we start at or the step increment, we
observe the same reflection coefficient signal. Figure 4.23 shows the imaginary part of the
measured reflection coefficient for both configuration. We observe the same signal signature
during the approach/retract procedure.

Although this solution was not used in the final version of the on-wafer station, results give
a good perspective as of using the RF signal measured using the VNA in the probing procedure.
We can easily imagine an automated procedure that will use the sudden reflection coefficient
shift in value to automatically stop the probes when the contact is good enough.
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Figure 4.21 Real part of the measured reflection coefficient when approaching from 100 pm
with 500 nm step.
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Figure 4.22 Real part of the measured reflection coefficient when approaching from 50 pm
with 100 nm step.
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Figure 4.23 Imaginary part of the measured reflection coefficient when approaching from 100
pm with 500 nm step and from 50 pm with 100 nm step.

4.5 Automated measurements for 1-port SOL calibration

In the first section of this chapter, we proved that a conventional manual probing station is
limited in term of alignment repeatability. Hence, we developed an automated and robotics
probing station equipped with the SmarAct® nano-positioning technology. In this section, we
present results of uncertainties propagation to capacitances measurements.

4.5.1 On-wafer experimental set-up and configuration

The experimental set-up used for this experiment was described in details in the third chapter
of this manuscript. We will recall the main component here. The set-up consists of a
FormFactor™ Infinity 100 um pitch GSG probe attached to the nano-positioner from
SmarAct®. The DUT is the FormFactor™ 1SS 101-190 C inserted on the automated and robotic
chuck from SmarAct®. RF measurements were done with the Keysight® 5008A Streamline
Series USB Vector Network Analyzer. The whole set-up is on the Newport™ M-V1S3036-
SG2-325A optical table.

In order to quantify the influence of the probe positioning on the ISS, we conducted two sets
of measurement. The first consists of measuring multiple times the same standard without
moving the probes. We will refer to this set as “in contact”. In the second, we move (in XYZ
directions) and reposition the probe before each measurement. We will refer to this set as “in
movement”. Also, two VNA modes are considered: the sweep mode and the continuous wave
(CW) mode. A total of three IFBWSs were tested with each mode: 1 Hz, 10 Hz and 100 Hz.
Finally, for each configuration, we measured 10 times the Short, Open and Load standards from
the ISS. Table 4.7 shows the different measurement configurations. Reducing the IFBW results
in a higher resolution measurement. It can also reduce the noise that is integrated onto the
measurement and hence improve the accuracy of the measurements. Consequently, we chose
to measure at different IFBWSs. We also chose to look at measurement results in CW mode in
order to determine the influence of environment on the measurements over the duration of the
experiment.
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Table 4.7 Measurement configurations.

O d
Sweep CW
IFBW 1Hz | 10Hz | 100Hz | 1Hz | 10Hz | 100 Hz
Frequency 25 MHz - 50 GHz 1 GHz
Power -15 dBm
S
Sweep CW
IFBW 1Hz | 10Hz | 100Hz | 1Hz | 10Hz | 100 Hz
Frequency 25 MHz - 50 GHz 1 GHz
Power -15 dBm

4.5.2 Automated and robotics alignment

In order to align the probes and the ISS, we developed a proprietary code in LabVIEW™
environment, described superficially in the third chapter. In the following, the measurement
procedures are described:

In contact:

= The probes are aligned using the alignment structures of the ISS.

= The chuck is moved allowing the short standard to be seen on screen and under the probes.

= The standard and the probes are aligned and finally the probe is lowered until the final
contact position.

= The VNA is triggered and the reflection coefficient of the Short standard at port-1 is saved.
This step is done manually.

= Staying in contact, another trigger is sent via the VNA and the reflection coefficient at port-
1 is saved once again. This step is repeated 10 times.

= Every step is repeated for both sweep and CW modes at each IFBW.

In movement:

= The probes are aligned using the alignment structure of the ISS.

= The chuck is moved allowing the short standard to be seen on screen and under the probes.

= The standard and the probes are aligned and finally the probe is lowered until the final
contact position.

= The VNA is triggered and the reflection coefficient of the Short standard at port-1 is saved.
This step is done manually.

= The probes are raised from the surface at 100 um.

= The probes are moved to the alignment structure of the ISS.

= All the steps are repeated 10 times.

= Every step is repeated for both sweep and CW modes at each IFBW.
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Remarks:

- Same procedure is applied for the Load standard.

- Open is measured with probes on air at 250 um from the surface. The probes are moved
in the same way as the other standard for the “In movement” configuration minus the
contact step.

- The program is built to operate both probes at the same time. Here, measurements were
done on port-1 of the VNA only as a first step.

- During the measurements, the VNA was switched between CW mode and Sweep mode and
between 1 Hz, 10 Hz, and 100 Hz while the probes were still in contact. Indeed,
measurement time would have been much longer if each mode was carried out separately.
It is important to note that the environment is yet to be controlled in temperature and
humidity. Hence, it is preferable to make measurement time as short as possible in order
to keep the same measurement environment.

- Time step between each measurement is are approximatively 5 min.

4.5.3 RF measurements results and data interpretation

4.5.3.1 CW Mode

Figure 4.24 shows raw reflection coefficient S;; data of 10 successive measurements of the
short standard at 1 Hz and 100 Hz measured at 1 GHz for the “In contact — CW” configuration.
Figure 4.25 shows the first value of each new measure. We observe that at 1 Hz, the magnitude
of the complex reflection coefficient Si1 seems to decrease over each measurement. This
suggest that each new trigger of the VNA in CW mode has a direct influence on the measured
reflection coefficient S11. Phase-shift of the complex reflection coefficient S11 seems to be less
influenced by the VNA trigger. The value decreases, but data are still randomly interweaved.
At 100 Hz, we can still observe a decrease of the first value of each measurement. However,
data appear randomly distributed for both magnitude and phase-shift. Table 4.8 shows the
maximum difference calculated between the highest and the lowest value for the magnitude and
phase shift of the raw reflection coefficient S, for the short standard measure at 1 GHz for the
“CW Mode”. The “In contact” results shows a relatively small maximum difference over 10
measurements at 1 Hz, 10 Hz and 100 Hz. These results suggest a good stability of the VNA
over the duration of the experiment.

Figure 4.26 shows the raw reflection coefficient S;; data of 10 successive measurements of
the short standard at 1 Hz and 100 Hz measured at 1 GHz for the “In movement — CW”
configuration. Figure 4.27 shows the first value of each measure. At 1 Hz, we observe a clear
decrease of the measured magnitude and phase-shift of the reflection coefficient Si1 over the 10
measurements. At 100 Hz, the effect is less visible, similarly to the “In contact” configuration.
Table 4.8, for the “In movement data”, shows that the difference between the highest value and
the lowest value in both magnitude and phase-shift is slightly bigger compared to the values
obtained when the probes are not moved. Results suggest that the influence of the probes
realignment is existent but remains rather small when looking at raw data.

Table 4.9 shows equivalent results calculated for the load standard. Here, the maximum
difference of the reflection coefficient Si1 of the phase-shift is slightly higher when the probes
are moved between each measurement. From Table 4.10, which presents results obtained on
the open standard, we can make the same conclusion as for the short standard.
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Figure 4.28 shows the cumulative complex standard deviation calculated on the different
configurations. We observe that the “In contact — 1 Hz” configuration cumulated the lowest
errors. We also observe that the “In movement” configuration cumulates the most errors.

Overall, we do not observe a clear correlation between the IFBW used, the measurement set
“In contact”/”’In movement”) and the maximum difference on the magnitude and the phase shift
of the reflection coefficient. We believe the internal noise of the VNA as well as other random
uncertainties have the highest impact on the measurements. It also appears that the influence of
realignment of the probes is sometimes lost inside the random uncertainties.
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Figure 4.24 “In contact — CW — 1 GHz” raw reflection coefficient S;; data of 10 successive
measurements of the Short standard at 1 Hz and 100 Hz.
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Figure 4.26 “In movement - CW” raw reflection coefficient S;; data of 10 successive
measurements of the Short standard at 1 Hz, 10 Hz, and 100 Hz.
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Table 4.8 “CW Mode” Maximum difference calculated between the highest and the lowest
value for the magnitude and phase shift of the raw reflection coefficient S;, for the Short
standard.

1Hz 10 Hz 100 Hz

Magnitude Max
difference (linear)

Phase shift Max

9.6462 x 1075 2.3501 x 107> 3.9280 x 107°

. 9.0273 x 10™* 0.0037 0.0035
difference (degrees)
1 Hz 10 Hz 100 Hz

Magnitude Max
difference (linear)

Phase shift Max
difference (degrees)

1.8363 x 107* 1.8619 x 107* 1.5183 x 107*

0.0066 0.0069 0.0072

Table 4.9 “CW Mode” Maximum difference calculated between the highest and the lowest
value for the magnitude and phase shift of the raw reflection coefficient S;, for the Load
standard.

1Hz 10 Hz 100 Hz

Magnitude Max
difference (linear)

Phase shift Max

1.7415x 107° 1.9646 x 107° 2.1352 x 107°

difference (degrees) 0.2956 0.2871 0.2887
1Hz 10 Hz 100 Hz

Magnitude Max
difference (linear)

Phase shift Max
difference (degrees)

1.0119 x 107* 1.1120 x 1073 2.3568 x 107>

0.1711 0.1673 0.2202
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Table 4.10 “CW Mode” Maximum difference calculated between the highest and the lowest
value for the magnitude and phase shift of the raw reflection coefficient S;, for the Open
standard.

1Hz 10 Hz 100 Hz

Magnitude Max
difference (linear)

Phase shift Max

1.0402 x 107* 9.9752 x 10~° 1.3281 x 107*

. 0.0027 0.0029 0.0034
difference (degrees)
1Hz 10 Hz 100 Hz

Magnitude Max
difference (linear)

Phase shift Max
difference (degrees)

1.4983 x 10~* 1.4017 x 10~* 1.3678 x 10~*

0.0055 0.0060 0.0062

4.5.3.2 Sweep Mode

Figure 4.29 represents the “In contact — Sweep” and “In movement — Sweep” raw reflection
coefficient S;; data of the 10 successive measurements of the Load standard at 100 Hz. We
observe that all 10 measurements are superimposed for both configurations. We also observe
that there is no visible difference when the probes are realigned over the load standard and when
the probes are kept still. This suggest that the realignment procedure is highly reproducible.

Table 4.11, Table 4.12, and Table 4.13 show results of the “Sweep Mode” maximum
difference calculated between the highest and the lowest value for the magnitude and phase
shift of the raw reflection coefficient S;; for the short, the load, and the open standards
respectively at 2.7 GHz and 50 GHz. The tables show that the “In movement” configuration
generated a bigger difference between the lowest and highest value measured. It also shows that
increasing the IFBW or at a higher frequency, the gap is also higher. However, in some cases,
those observations are not consistent. This can be attributed to the measurement environment.
As stated previously, the environment is not controlled in temperature and humidity. In
addition, although the station is on an optical table, this might not be sufficient to cancel all the
vibrations of the building, which is suited for sensitive measurements.
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Figure 4.29 “In contact — Sweep” and “In movement — Sweep” raw reflection coefficient S;,
data of 10 successive measurements of the Load standard at 100 Hz.
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Table 4.11 “Sweep Mode” Maximum difference calculated between the highest and the
lowest value for the magnitude and phase shift of the raw reflection coefficient S;, for the
Short standard.

In contact - Sweep

1Hz 10 Hz 100 Hz
Frequency 2.7 GHz 50 GHz 2.7 GHz 50 GHz 2.7 GHz 50 GHz
Magnitude Max | oo 10-5| 3.46 x 104 | 1.12 x 104 | 4.77 x 10~* | 1.05 x 10* | 5.57 x 10-*
difference (linear)
ATEED B Max 0.0067 0.1466 0.0061 0.1199 0.0064 0.1251
difference (°)

In movement - Sweep

1Hz 10 Hz 100 Hz
Frequency 2.7 GHz 50 GHz 2.7 GHz 50 GHz 2.7GHz 50 GHz
Magmwde Max 128 x107* | 4.74 x 107* | 1.31 x 107* | 5.26 x 107* | 1.13 x 10™* | 7.19 x 10~*
difference (linear)
P.hase i lo\/lax 0.0105 0.1340 0.0120 0.1332 0.0141 0.1519
difference (°)

Table 4.12 “Sweep Mode” Maximum difference calculated between the highest and the
lowest value for the magnitude and phase shift of the raw reflection coefficient S, for the

Load standard.
In contact - Sweep
1Hz 10 Hz 100 Hz
Frequency 2.7 GHz 50 GHz 2.7 GHz 50 GHz 2.7 GHz 50 GHz
Magnitude Max 1, o) 1075|873 x 10-5 | 338x 105 |8.70 x 10-5 | 112 x 10-* | 3.18 x~*
difference (linear)
Phase St lo\/lax 0.5623 0.1508 0.1255 0.1651 0.2605 0.1674
difference (°)
1Hz 10 Hz 100 Hz
Frequency 2.7 GHz 50 GHz 2.7 GHz 50 GHz 2.7GHz 50 GHz
Magthde Max 7.62%x107°|7.71x 1075 | 5.04x107° [1.03x107*%|4.66x 107°|3.22x 107*
difference (linear)
P_hase sl E/Iax 0.3672 0.0398 0.0705 0.0755 0.4603 0.1958
difference (°)
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Table 4.13 “Sweep Mode” Maximum difference calculated between the highest and the
lowest value for the magnitude and phase shift of the raw reflection coefficient S;, for the
Open standard.

In contact - Sweep

1Hz 10 Hz 100 Hz
Frequency 2.7 GHz 50 GHz 2.7 GHz 50 GHz 2.7 GHz 50 GHz

Magnitude Max
difference (linear)

Phase shift Max
difference (°)

In movement - Sweep

1Hz 10 Hz 100 Hz
Frequency 2.7 GHz 50 GHz 2.7 GHz 50 GHz 2.7GHz 50 GHz

Magnitude Max
difference (linear)

Phase shift Max
difference (°)

1.68x107*|6.96 x107*| 1.15%x10™* [632x107*|1.78 X 107*|6.87 x 107*

0.0031 0.1643 0.0095 0.1491 0.0059 0.1343

3.89 x 107* 0.0015 7.87 x 107° 0.0014 279 x 107* 0.0015

0.0201 0.1629 0.0071 0.1497 0.0273 0.1605

4.5.4 Residual calibration error terms

A 1-port SOL calibration was computed for measurements at 1 Hz and 100 Hz using the
Sweep data. Wincal™ software was used to compute the SOL calibration algorithm. The first
calibration was sent to the VNA and the verification was done and validated by the software.
From the obtained error terms, the residual error terms were computed then used to calculate
the reflection coefficient magnitude uncertainty. The methodology followed is the same as in
the first section of this chapter regarding the manual measurements. Results will be presented
in the following.

Figure 4.30 represents the standard deviation of the error terms calculated on 10 successive
measurement at 1 Hz and 100 Hz for both “In contact” and “In movement”. We observe that
repeatability regarding the three error terms decreases as a function of the frequency. We
observe that for both IFBWs (1 Hz and 100 Hz), from 20 GHz, the repeatability of the
measurements does not change significantly. The same observation was made when dealing
with manual measurements presented in the first section. Indeed, at 20 GHz and above, other
source of uncertainties (e.g., instrumental drift) become predominant. The figure also shows
that the measurements where the probes were not moved between each of 10 measurement have
a better repeatability. However, the difference is not significant. This suggest that the
realignment repeatability of the system is robust.
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Table 4.14 summarizes the standard deviations computed at 10 GHz considering the “In
movement — Sweep & CW — 100 Hz” configurations compared to the manual measurements.
As expected, the “In contact” measurements present the best repeatability. For example, the
directivity calculated from the automated “In contact” measurements is 6 times better than the
directivity obtained from the manual measurements. On the other hand, it is only 1.2 times
better than the automated “In movement” measurements. This results confirms the high
repeatability of the automated measurements of the station.

Directivity
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Figure 4.30 Standard deviation of the error terms calculated on 10 successive measurement at
1 Hz and 100 Hz for both measurement sets.
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Table 4.14 3¢ standard deviations computed at 10 GHz considering the “In contact — Sweep”
and “In movement — Sweep” at 100 Hz and the manual measurements.

Residual error

30
Manual In contact In movement
Automated Automated
51 7.4267 x 107* | 1.1703 x 10™* | 1.4900 x 10™*
T 2.3201x 1073 | 4.4022x 107* | 5.2248x 107*
VEl 40472 x 1073 | 3.1665x 10™* | 2.6407 x 10™*

4.5.5 Error propagation on complex impedances

In the following, we propagated the residual errors on the reflection coefficient magnitude
as presented previously in the first section. Figure 4.31 shows the reflection coefficient
magnitude uncertainty at 1 Hz and 100 Hz for both “In contact” and “In movement”
measurement sets. As a reminder, here we are using the data from the Sweep mode only. From
Figure 4.31, we see that the uncertainty increases as a function the reflection coefficient
magnitude. The two configurations still show close results. At 1 Hz, when |S;;| is small,
repositioning the probes generates less uncertainties. At 100 Hz, repositioning the probes
generates slightly less uncertainties. This is explained by the source match term being higher
for the “In contact” configuration. From (4.28), we see that the source match term has the
biggest influence on the reflection coefficient magnitude uncertainty.

3 -3
X107 . ‘ 1 X10 : :
:In contact —In contact
0.8 In movement 0.8 — In movement|
c 06 c 06
S =
Q‘_ 04 Q‘_ 04
4 <
0.2 02
0 0
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
|S11| (Linear) |S11| (Linear)
1Hz 100 Hz

Figure 4.31 Reflection coefficient magnitude uncertainty at 1 Hz and 100 Hz for both
measurement sets.
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Finally, we can use the residual error terms obtained to calculate the measurement
uncertainty of capacitances at 10 GHz. Here again, we use the same methodology as in the first
section of this chapter when dealing with measurements conducted on a manual on-wafer
probing station.

Table 4.15 and Table 4.16 show the measurement uncertainty and measurement capacitances
uncertainties at 10 GHz and at 1 Hz of IFBW for the “In contact” and “In movement”
configurations. In both cases, it is also shown that for a capacitance (perfect imaginary
impedance value), we introduce a measurement uncertainty on the real part ARe(Z) of the
impedance. When repositioning the probes on the calibration standard, we generates less
uncertainties. The smaller the capacitance value, the bigger the uncertainties. For example, for
C =1 fF, the capacitance is measured with 8.3 % error for the “In contact” configuration
against 10.83 % for the “In movement” configuration. Although a difference exists, it remains
quite low. This comforts the previous conclusions made regarding the repeatability of the
system.

Table 4.15 “In contact — Sweep — 1 Hz” Measurement uncertainty and measurement
capacitances uncertainties on capacitances at 10 GHz.

C(fF) A|S11] Alm(2) (Q) ARe(Z) (Q) AC (F) AC/C (%)
] Automated Automated Automated Automated Automated
320 | 6.33x107* 0.03 0.03 2.02 x 10716 0.0632
100 | 6.33x107* 0.17 0.18 1.10 x 10716 0.1103
10 | 6.33x107* 15.87 16.03 9.87 x 10716 0.9872
1 6.33x107* | 1.45x 103 1.61x10% | 837x 107 8.3753

Table 4.16 “In movement — Sweep — 1 Hz” Measurement uncertainty and measurement
capacitances uncertainties on capacitances at 10 GHz.

C(fF) A|S11] Alm(Z) (Q) ‘ ARe(Z) (Q) AC (F) AC/C (%)
Automated | Automated | Automated Automated Automated
320 | 8.71x107% 0.04 0.04 2.78 x 10716 0.09
100 | 8.71x107* 0.24 0.24 1.51 x 10716 0.15
10 8.71 x 10™* 21.74 22.05 1.35 x 10716 1.35
1 8.71x 107* 1.93 x 103 2.24 x 103 1.08 x 10716 10.83

Table 4.17 shows the “In contact” measurement uncertainty and measurement capacitances
uncertainties on capacitances at 10 GHz and at an IFBW of 100 Hz. Looking at the relative
error introduced in this configuration, it is up to 10.86 %. Here, we observe a clear correlation
between the measurement configuration and the impact on the uncertainties introduced on
capacitances values. Indeed, it increases when the configuration has more uncertainty
parameters (larger IFBW and movement of the probes).
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Table 4.17 “In contact — Sweep — 100 Hz” Measurement uncertainty and measurement
capacitances uncertainties on capacitances at 10 GHz.

C(fF) A|S11| Alm(Z) (Q) ARe(2) (Q) AC (F) AC/C (%)
Automated | Automated | Automated Automated Automated
320 | 8.74x107* 0.04 0.04 2.7869 x 10716 0.09
100 | 8.74 x 1074 0.24 0.24 1.5205 x 10716 0.15
10 8.4 x107* 21.81 22.12 1.3517 x 10716 1.35
1 | 874%x107* | 1.94x10% | 2.25x10% | 1.0864 x 1071¢ 10.86

Table 4.18 summarizes results for the “In movement” measurement uncertainty on
capacitances at 10 GHz and at 100 Hz compared with manual results measured in the same
configuration (details in the first section). We observe that the uncertainties on the real part and
the imaginary part of the complex impedance are higher when using a manual probing station.
At C =1fF, Alm(Z) = 2.06 X 103Q for the automated station against AIm(Z) = 1.39 X
105Q for the manual station, making the manual station 67 times worse than the automated
one.

Table 4.19 presents the “In movement” measurement capacitances uncertainties on
capacitances at 10 GHz and at an IFBW of 100 Hz compared with manual results in the same
configuration. We can see that the automated probing station developed here generates less
measurement uncertainties. At C = 1 fF, it generates only 11 % errors against almost 90 %
for the manual station.

This results proves that the automated and robotic probing station allow to measure extreme
impedances devices with significantly less measurement uncertainties than a manual and
conventional probing station. Indeed, the misalignment of the probes on the calibration pads
can lead to high measurement uncertainties, leading to poor device characterisation.

Table 4.18 “In movement — Sweep — 100 Hz” Measurement uncertainty on capacitances at 10
GHz compared with manual results.

C(fF) A|S11| | Alm(2) (Q) ARe(Z) (Q)
Automated XYZ Automated XYZ Automated XYZ
analysis analysis analysis
320 | 935x107* | 71x107* 0.04 0.35 0.05 0.35
100 | 9.35x107™* | 71 x107* 0.26 1.95 0.26 1.98
10 935x107* | 71x107* 23.32 161.64 23.69 182.86
1 935x 107 | 71x10™* | 2.06 x 103 1.39 x 10> | 2.42 x 103 | 6.51 x 10*
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Table 4.19 “In movement — Sweep — 100 Hz” Measurement capacitances uncertainties on
capacitances at 10 GHz compared with manual results.

C(fF) AC (F) AC/C (%)
Automated XYZ Automated XYZ
analysis analysis
320 2.98 x 10716 2.25x 10715 0.09 0.7
100 1.63 x 1071 1.21 x 10715 0.16 1
10 1.44 x 10716 9.22 x 10716 1.44 10
1 1.14 x 10716 8.97 x 10716 11.45 90

Table 4.20 gives the uncertainty measured at 1 GHz with an IFBW of 100 Hz in CW and
Sweep mode. This gives an idea of the best the system can achieve when the probes are being
realigned on the calibration substrate. Indeed, for € = 1 fF and in CW mode, which allow
more precise measurements, we generate 4 % of errors. As a comparison, the sweep mode
generates 5 % error.

Table 4.20 “In movement — 100 Hz” Measurement capacitances uncertainties on capacitances

at 1 GHz.
At 1 GHz ‘ 100 Hz In movement
AC/C (%)
C(fF) CW Sweep
320 0.03 0.04
1 4.63 5.24
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4.6 Conclusion

In this chapter, we investigated the measurement performance of a conventional on-wafer
probe system based on mechanical displacements. Two measurement methods have been
considered, (i) based on single axis probe displacement Z, (ii) based on three axis probe
displacements XYZ. The conducted study demonstrated the measurement performance
degradation between the two analysis. In particular, we have proven that controlling the probe
alignment in the XY axis improves the measurement repeatability and hence, reduces the
impedance measurement uncertainty in the microwave range up to 20 GHz.

We also presented early on-wafer probing procedure, robotic-manual and semi-automated.
We proved that both methods reduce the uncertainty measurement brought by misalignments
of the probes on calibrations standards. We also presented an approach/retract procedure to
automatically detect the initial contact between the probe’s tips and the substrate’s surface.

Finally, we compared the new automated station to the conventional one. We proved that
the method developed which is based on image recognition and automated alignment
guarantees a high repeatability. Here, we tested the solution of a calibration substrate and
showed that the station generates up to 11 % measurement uncertainties, against 90 % for the
manual probing station when dealing with extreme impedance values.
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Introduction

In this chapter, we present some complementary studies that were addressed through the
years and that aim at enhancing on-wafer measurements of micro- and nano-devices.

First, we present a noise study on two different VNA types, a Streamline and a PNA. The
aim is to quantify the best case uncertainty that we can achieve with a compact Streamline VNA
in different configurations.

Second, we present a study of the six-port interferometry. Using six-port interferometry
could open the door for new S-parameter characterisation that would be integrated to the
measurement probes as close as possible. This would considerably decrease measurement
uncertainties related the mismatch impedance between the VNA and the DUTSs that present
extreme impedance compared to the VNA’s impedance.

Finally, an early stage Electro-Magnetic (EM) simulation is presented. Understanding the
behaviour of the probes and ISS is a key component in improving on-wafer measurements of
micro- and nano-devices. An ISS is designed and measurements on a load standard are
presented.
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5.1 Streamline VNA noise characterisation

In this section, we present a noise measurement study on a Streamline VNA from Keysight,
P9375A 300 kHz -26.5 GHz 2-port (demo version), and compare it to noise measurement from
a Keysight PNA N5242A 10 MHz-26.5 GHz.

5.1.1 Set-up and material
= Keysight® Streamline 300 kHz to 26.5 GHz 2-port.
= Keysight® PNA N5242A 10 MHz-26.5 GHz.
» GORE® cable E734-60004 MFR 3GW40.
= K type cables provided by Keysight with the demo VNA.
= 250 Q loads provided by Keysight with the demo VNA.
= 2 coaxial short standards.

5.1.2 Measurement protocol

The aim of the measurements performed on the Streamline and the PNA is to determine the
intrinsic noise of the two VNASs in several configurations. To this end, the two VNAS were not
calibrated and a series of measurement were performed over a defined time range.

The intrinsic noise is inherent to the instrument and is specific to each measurement
frequency. It is mainly due to the device heating, which causes thermic drifts. Other noise
sources can affect the measurements: vibrations, temperature variations, humidity variations. ..

Measurement without cables

= 1-port measurements

= No cable is connected to the port 1 of the Streamline and PNA

= We connect a short standard and a load standard successively to the port 1 of the two
VNA

= The port 1 is left unconnected to simulate an open standard

= We measure the reflection coefficient and the transmission coefficient
Measurement with cables

= 1-port measurements

= We connect the coaxial cable to the port 1 on the two VNAS

= \We connect the short and the load standards to the end of the coaxial cables

= The end of the coaxial cable is left unconnected to simulate an open standard

= we measure the reflection coefficient and the transmission coefficient
Configuration

Table 5.1 summarizes the configurations used for this study. Table 5.2 shows the
measurement periods.

Table 5.1 Measurement configurations.

Configurations

IF 10 Hz 100 Hz 1000 Hz
Bandwidth
Frequency 1GHz 4GHz 10GHz 1GHz 4GHz 10GHz 1GHz 4GHz 10GHz
Time 180s
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Those configurations are the same for each standard that is measured with and without cables.

Table 5.2 Measurement periods.

Without cables With cables \
Streamline PNA Streamline PNA
CO 08/04/2021 08/04/2021 12/04/2021 12/04/2021
CA 08/04/2021 08/04/2021 12/04/2021 09/04/2021
CC 09/04/2021 09/04/2021 15/04/2021 09/04/2021

Measurement on the open standard are done at the same time on the two VNAs. Indeed, as the
port (or the cable’s end) is left unconnected, we want to have the same environmental
conditions.

5.1.3 Measurement set-up
Figure 5.1 shows the Streamline connected to the coaxial cables. Figure 5.2 shows the PNA
connected to the coaxial cables.

Figure 5.1 Keysight Streamline connected to the coaxial cables.
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Figure 5.2 Keysight PNA connected to the coaxial cables.
5.1.4 Analysis

As it is impossible to present data from all the configurations without making this document
hard to read, we selected a few examples of the results obtained. Figure 5.3 and Figure 5.4 show
the reflection coefficient and transmission coefficient measured for a short standard with and
without cables respectively with an IFBW of 100 Hz and a measurement frequency of 10 GHz.

In order to have a better understanding of the two VNAs performances, we take a look at the
standard deviation. Calculating the standard deviation on a set of data gives information about
the dispersion of the elements from their mean. The smaller the standard deviation, the more
homogenous the set is.

In our case, we fix a frequency and measure the evolution of the reflection and transmission
coefficients over a period of time. Ideally, these coefficients remain stable and constant over
time. The standard deviation allows us to know the stability of the device. The lower the
standard deviation, the more stable the device is.

The standard deviation values calculated on the measurement related to the Streamline and
the PNA are summarized in the tables bellow. We note that, depending on the configuration
one of the VNAs performs better. We note the Streamline tends to give better results in
transmission and in higher frequencies. Overall, the standard deviation is relatively low, which
indicates a good instrumental stability.

148



-0.43

-0.432

-0.434

S ;1 (dB)

0436

-0.438

-100

S, 1 (dB)

-110

-120°

0 30 &0 80 120 150 180
Time(s)
0 30 80 80 1120 150 180

Time(s)

0714

0716 T

s, | (dB)

-0.72

0718

-0.7az2

30

60

80 120 150 180

Time(s)

-100

S, | (dB)

110

-120

30

60

0 120 150 180

Time(s)

=
=1
—

-
=

w
3=

11579

11578}

M5TT |

11576

11575}

11574

=120 ¢

140

=100 ¢

] 30 60 890 120 150 180
Time(s)

] 20 60 90 120 150 180
Time(s)

0 30 60 90 120 150 180
Time(s)

0 30 60 90 120 150 180
Time(s)

Figure 5.3 Reflection coefficient and transmission coefficient measured for a short standard
directly connected to the Streamline (Top 4) and the PNA (Bottom 4) at IFBW of 100 Hz and

10 GHz
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Figure 5.4 Reflection coefficient and transmission coefficient measured for a short standard
connected via a cable to the Streamline (Top 4) and the PNA (Bottom 4) at IFBW of 100 Hz
and 10 GHz.
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Load without cable

Coefficient
IFBW
Frequency
Streamline
PNA
Coefficient
IFBW
Frequency
Streamline
PNA

Table 5.3 Standard deviation calculated for the load without cables measurement sets.

1GHz
0.0377
0.0169

1GHz
95.6917
102.0388

10 Hz
4GHz
0.0288
0.0204

10 Hz
4GHz
95.7375
103.4735

10GHz
0.0020
0.0054

10GHz
96.3713
103.2592

1GHz
0.1114
0.0380

1GHz
86.1878
93.9899

S11

100 Hz
4GHz
0.0814
0.0598

S21

100 Hz
4GHz

85.6184

93.5936

10GHz
0.0045
0.0142

10GHz
86.0880
93.3114

1GHz
0.3318
0.1218

1GHz
76.4124
84.2956

1000 Hz
4GHz

0.2480
0.1923

1000 Hz
4GHz
76.0473
83.5630

10GHz
0.0134
0.0470

10GHz
76.7423
83.3083
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Short without cables

Coefficient
IFBW
Frequency
Streamline

PNA

Coefficient
IFBW
Frequency
Streamline
PNA

Table 5.4 Standard deviation calculated for the short without cables measurement sets.

1GHz
2.8875

x10*
7.8119

x10*

1GHz
95.9446
101.9017

10 Hz
4GHz
2.8731
x104
3.2451
x104

10 Hz
4GHz
95.4767
102.9630

10GHz

3.0660
x104

5.3321
x104

10GHz
96.3258
102.6405

1GHz
7.4143

x104
5.7419

x104

1GHz
86.3180
93.8028

S11
100 Hz
4GHz
7.6112
x104
8.7420
x10*4
S21
100 Hz
4GHz
85.8247
93.5644

10GHz

7.0007
x104

0.0012

10GHz
86.2042
93.0636

1GHz
0.0022

0.0018

1GHz
76.7074
83.9873

1000 Hz
4GHz
0.0022

0.0019

1000 Hz
4GHz
75.8123
83.6078

10GHz
0.0020

0.0020

10GHz
76.8819
82.7935
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Table 5.5 Standard deviation calculated for the open without cables measurement sets.

Open without cables
S11

Coefficient
IFBW 10 Hz 100 Hz 1000 Hz
Frequency 1GHz 4GHz 10GHz 1GHz 4GHz 10GHz 1GHz 4GHz 10GHz
Streamline 3.0468 3.2474 2.6695 8.2750 7.6942 6.5784 0.0025 0.0023 0.0019
x10* x10* x104 x10 x10 x10*
PNA 2.7089 3.3433 3.4624 6.1499 6.3307 6.4141 0.0023 0.0019 0.0022
x10* x10* x10* x104 x10 x10*
Coefficient S21
IFBW 10 Hz 100 Hz 1000 Hz
Frequency 1GHz 4GHz 10GHz 1GHz 4GHz 10GHz 1GHz 4GHz 10GHz
85.3822 84.5497 75.9174 76.0798  76.6389

Streamline 94.7370 95.3936 79.3230 84.8560

102.6418 100.7868 41.4423 93.7499 93.8645 81.5706 83.8571 83.3441  82.0042

PNA
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Table 5.6 Standard deviation calculated for the short with cables measurement sets

Short with cables

Coefficient
IFBW
Frequency
Streamline

PNA

Coefficient
IFBW
Frequency
Streamline
PNA

1GHz
3.0654

x10™
9.1665

x10™

1GHz
94.9454
100.4152

10 Hz
4GHz
2.6418
x10™
5.2779
x10™

10 Hz
4GHz
95.6371
93.2843

10GHz

5.2959
x10*

3.1719
x10*

10GHz
96.1046
100.6233

1GHz
8.6379v

6.2541
x10*

1GHz
84.9956
93.9033

S11
100 Hz
4GHz
8.4668
x10*
7.2326
x10*
S21
100 Hz
4GHz
85.9980
92.4632

10GHz
0.0011

6.5157
x104

10GHz
85.9922
93.6480

1GHz
0.0025

0.0017

1GHz
75.8167
84.0922

1000 Hz
4GHz 10GHz
0.0025 0.0030

0.0019 0.0019

1000 Hz

4GHz 10GHz

75.8254 76.4104
83.5910 83.1497
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Table 5.7 Standard deviation calculated for the open with cables measurement sets.

Open with cables

Coefficient
IFBW
Frequency
Streamline

PNA

Coefficient
IFBW
Frequency
Streamline
PNA

1GHz
2.5789

x10*
2.7501

x10*

1GHz
94.5956
101.9413

10 Hz
4GHz
2.8134
x104
5.8817
x104

10 Hz
4GHz
32.6431
102.1949

10GHz

3.7503
x10*

7.2329
x10*

10GHz
76.3221
97.0371

1GHz
7.6554

x104
7.0492

x104

1GHz
86.5105
93.2465

S11
100 Hz
4GHz
7.7382
x104
6.9378
x10
S21
100 Hz
4GHz
69.8425
93.1202

10GHz

7.8810
x104

7.7214
x10*4

10GHz
83.8206
92.9086

1GHz
0.0021

0.0018

1GHz
77.4243
84.1976

1000 Hz
4GHz 10GHz
0.0023 0.0022

0.0020 0.0021

1000 Hz

4GHz 10GHz

74.5977 76.3440
83.6434 83.2211
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Table 5.8 Standard deviation calculated for the Load with cables measurement sets.

Load with cables

Coefficient S11
[FBW 10 Hz 100 Hz 1000 Hz
Frequency 1GHz 4GHz 10GHz 1GHz 4GHz 10GHz 1GHz 4GHz 10GHz
Streamline - - - - - - - - -
PNA 0.0104 0.0055 0.0111 0.0256 0.0158 0.0161 0.0843 0.0487 0.0429
Coefficient S21
IFBW 10 Hz 100 Hz 1000 Hz
Frequency 1GHz 4GHz 10GHz 1GHz 4GHz 10GHz 1GHz 4GHz 10GHz
Streamline 96.0448 95.4702 96.0555 85.7825 85.6947 86.7823 76.3611 76.2022  76.8953
PNA 101.7496 @ 103.4751  103.2719 93.4645 93,5580 93.3736 84.0195 83.8397 83.1645

The measurements with the load on the Streamline were not properly recorded, which made their exploitation impossible
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5.2 Extend 1Q Six-Port Demodulator RF Bandwidth by 250%
Using

5.2.1 Fourier Based Modelling

The Six-port technology has been introduced in the 1970’s by G. Engen as an elegant
solution to measure microwave amplitude and phase-shift passively [1]. Despite a growing
interest by the research community and particularly by national metrology institutes (NIMs) to
develop a six-port based vector network analyser (VNA), the heterodyne architecture of modern
VNAs has supplanted the six-port technology. This failure is mainly attributed to limited
dynamic range, poor frequency range of operation and heavy mathematical calibration
procedures. Since then, it is well admitted the six-port technology must be thought as low-cost
and low-power solution to address peculiar application [2]. Nevertheless, emergent sensing
applications requiring low carbon footprint paves the way for revisiting the six-port technology
[31, [4], [5]. [6], [7], [8]. RF-2S research team at IEMN contributed to the dissemination of the
six-port technology in various applications [9], [10], [11], [12], [13], [14], [15].

The recent improvement of signal processing can benefit to the six-port technology for
increasing the measurement performance by appropriate modelling taking into account
frequency limitations imposed by microstrip or coplanar waveguide (CPW) design.

In this section, we demonstrate an extension considering a low-cost Epoxy printed circuit
board (PCB) passive six-port junction designed and optimized at 2.45 GHz. this latter is
associated to coaxial HP broadband power detectors. Later in this section, simulation of the
ideal six-port junction is run on Keysight Advanced Design System (ADS) software to provide
ideal output as a function of the phase-shift between the LO and RF signals. After, experiments
considering the microstrip six-port 1Q demodulator are performed in the frequency range 500
MHZ — 6 GHz. a modelling based on Fourier analysis is proposed to express the measured DC
voltages as a function of I and Q components related to the complex ratio Z = I + jQ between
the LO and the RF signals. By introducing second Fourier order terms in the modelling,
deviations from the ideal six-port junction are taken into account. The resolution of the inverse
problem, i.e. retrieve of the | and Q components from the measured voltages, is exemplary
shown to validate the method proposed.

5.2.2 Six-port reflectometry

In [16], author gives the basic notions behind the six-port reflectometry. The six-port
technique is based on network analysis and allows complex impedances measurements. The
“six-port reflectometry” gets its name from the measurement of a reflection coefficient. The
six-port reflectometry relies on power measurement, followed by mathematical analysis of the
measured data to obtain the reflection coefficient. Figure 5.5 illustrates the six-port
reflectometry technique. The reference RF signal is injected through reference port 1 and
powers the six-port network. The DUT is connected to port 2. The reflection coefficient of the
DUT is given by:

b,
a,

r (5.36)

The remaining ports are connected to power detectors P; to P,. Each power detector measures
the linear superposition of the a, and b, waves. It is possible to obtain the reflection coefficient
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[" after a calibration procedure (with known or partially known loads) using the four measured
powers P;, P,, Ps, and Pg.

The six-port reflectometer based on guided structures as suggested by G. Engen are the most
used reflectometers. They consists of directional couplers (90 ° or 180 °) and/or power dividers.
Figure 5.6 shows the reflectometer presented by G. Engen [1]. The passive part is made of three
90 ° couplers, one 180 ° coupler and a 6 dB coupler. On the other hand, the double six-port
network analyzer measure the four S-parameters S;; of a 2-port network. Initiated in 1977 by
C. A. Hoer [17] [18], it consists of a pair of six-port reflectometer, a power divider and a
variable phase shifter (Figure 5.7). The RF signal powers simultaneously the six-port networks
1 and 2 through the power divider. Port 1 measure the complex ratio I'; = b, /a, in the reference
plans 1. In the same way, port 2 measures I', = b,/a, in the reference plane 2. T; and T},
translate the two waves propagating in two opposite directions. The relationships between Iy
and I, and the S-parameters are:

by a,
L=—= — 5.37
1 a, S11+ 812 a, ( )

b, a,
LL=—= — 5.38
2 a, Sz + 821 @ ( )

By eliminating the ratios a,/a;, we can write:

L,S11 + 1S3, —A =L with 4 = 811555 — $12521 (5.39)

Measurement
Port

1
! Device

—q—:—-— Under Test
a, b,

: Six-port interferometry
- network
b a

Figure 5.5 Six-port reflectometry technique [16].
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Figure 5.7 Double six-port network analyzer [16].
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5.2.3 The direct problem equation

It is possible to express interest variable using the measured powers of the four power
detectors of the six-port reflectometer. We can write the measured power of the detectors
considered perfectly adapted to the six-port network as:

Pi = bi X bl* = (Al'az + Bibz) X (Al'az + Bin)* fori = 3,..,6 (540)

Considering the magnitudes and phase-shifts of the complex quantities a4, b,, 4;, and B;, we
get:

Pi = |Ai|*a,|* + | B;|?|b,|*
+2|4;llaz|B;l|b,| cos(arg(Ay) + arg(az) — arg(B;) — arg(b,)) (5.41)

fori=3,..6

By introducing the reflection coefficient to be measured, the equation system becomes:

.12 .
P = 1421y (IF[? + 2 + 258 T cos (arg (Ay) — arg(BY) + arg ()
l ‘ (5.42)
fori=3,..,6

Which finally gives:
P; = |A;|?|b,|2(IT)% + |q;1% + 2]q;||T|cos(arg(q;) — arg(I))) fori =3,..,6  (5.43)

The model given in (5.43) does not take into account eventual imperfections of the
reflectometer. Hence, we can re-write the four power P; as a function of the phase shift ® of I
for a constant magnitude of T" as follow:

P; = ajo + a;1|T'1? + ap|I'| sin(®) + a;3|T'| cos(®)

+a;s|T|? sin(2®) + a;5|T'? cos(2®) + a;| |3 sin(3P) + a;7|T'|3cos(3P) (5.44)

fori =3,...,6

Here, the harmonic distortions of the 2" order (terms in 2®) and 3" order (terms in 3®) are
taken into account. The coefficients a;; (i = 3,..,6 and i = 0, ...,7) are complex quantities
intrinsic to the six-port reflectometer. More detail about the mathematical development of the
six-port formulation can be found in [19].

5.2.4 Theoretical and simulation analysis

The structure used in this work is a microstrip six-port interferometer or a six-port 1Q
demodulator. It consists of a passive structure built up with a Wilkinson power divider and three
hybrid branchline couplers (Figure 5.8). The structure has six ports: two input ports 1 and 2 and
four output ports 3, 4, 5, and 6.

The terms a4 (t) and a,(t) represents the reference incident pseudo-waves (LO and RD
signals) given by:
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a1 (t) = Alej(ZTL'ft‘l'(l)l) (5.45)

az (t) = Azej(znft+¢2) (546)

Where A; (i = 1,2) and ¢;(i = 1,2) are the amplitudes and absolute phases of the inputs
signals respectively.

The signals b;(t) (i = 3,...,6) are the emergent pseudo-waves at remaining output arms.
For sake of clarity, the term e/™2/t is removed in the following expressions:

1 T

b3 = E [a1 + aze_jjil (547)
1 T

b4, = E I:ale_JE + az] (548)

1 _T T
bs = E[ale 7 + aye ]2] (5.49)

1 .

b3 = E [a1 + aze_]n] (550)

The theoretical detected output powers P; (i = 3, ...,6) are given by:

1

Py =by- b} = 2 [A2 + A2 + 24,4, sin(4¢)] (5.51)
1

P,=b,b; = 7 [A3 + A% — 24, A, sin(4¢)] (5.52)
1

Pg = bg - bi = 2 [A3 + A3 + 24,4, cos(4¢)] (5.53)
1

Py = bg - b} = 7 [A%2 + A% — 24, A, cos(A¢)] (5.54)

Where A¢ = ¢p; — ¢, is the phase shift between the two input LO and RF signals.

The ideal six-port junction has been designed in Keysight ADS software. In Figure 5.9, we
present the four detected powers as a function of the phase-shift A¢. Figure 5.9 shows that the
output signals are phase-shifted by % according to (5.51) - (5.54). Although this ADS simulation
does not bring any new information, this implementation will be used in future studies to
identify the impact of S-parameters of the Wilkinson power divider and hybrid couplers on the

simulated output powers. In other words, mismatching, isolation, transmission losses and
phase-shifts induced by the microstrip circuitry will be studied separately.
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Figure 5.8 Typical six-port IQ demodulator / interferometer comprising a power divider, three
hybrid couplers and four power detectors.
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0 90 180 27 360

A¢ (deg)

Figure 5.9 Simulated detected powers P3to Ps as a function of the phase-shift A¢ between the
LO and the RD signals (_ Pz _ P4 _Ps ).

5.2.5 Experimental six-port junction

The experimental set-up is depicted in Figure 5.10. Two externally synchronized frequency
synthesizers and a digital scope are used to generate the RF and LO signals and to collect the
detected voltages respectively. To set the phase-shift A¢ between the LO and the RF signals, a
1 kHz beat frequency difference between the two input signals is considered. Figure 5.11 shows
the six-port ID demodulator realized on microstrip technology at 2.45 GHz. Table 5.9
summarizes the system configuration.
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Figure 5.10 Experimental set-up including a six-port 1Q demodulator realized on microstrip
technology at 2.45 GHz (1. LO signal 2. RF signal 3. Digital score).

Figure 5.11 The six-port 1Q demodulator

Table 5.9 Experimental set-up configuration.

Element

LO signal

Frequency
2.45 GHz

6 GHz

500 MHz

Power

-15 dBm

RF signal

2.449 999 GHz

5.999 999 GHz

499.999 MHz

-15dBm
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5.2.6 Measurement protocol and Modelling

The main objective of this work is to extend digitally the operation frequency range of the
six-port demodulator initially designed at 2.45 GHz. As a demonstration, the proposed Fourier
analysis is tested at 6 GHz and 500 MHz. The second order Fourier model expressed as a
function of the | and Q components is given by:

Vi=a+a1. 12+ a5.0 +a;3.1 +a44.0 +a45.1.Q (5.55)
Vo = Ay + Apq. 1% + A32.Q% + ap3. 1 + ap4.Q + ayps5.1.Q (5.56)
Vs =azo + asq. 1% + a3.Q% + az3.] + a34.0 + azs. 1.Q (5.57)
Vy=auo+ ag1. 1% + A42. Q% + A43.1 + A44.Q + a45.1.Q (5.58)

Theterms a;; (i = 1,..,4andj = 0,..,5) are real calibrations coefficients that make the
link between the measured data (voltages V; to I/,) and the parameters of interest (I and Q). In
the following, we describe the method including three different steps. This includes the
modelling of the direct problem and the resolution of the inverse problem.

STEP 1: The output voltages of the power detectors V;, V,, V5 and V, are recorded as a function
of A¢.

STEP 2: The calibration consists to determine the calibration coefficients using the Matlab®
Application (APP) Curve Fitting.

STEP 3: A 2D Newton-Raphson algorithm implemented in Matlab® software is used for the
determination of the | and Q components from the measured voltages.

To solve the system in (5.55) - (5.58), we need at least two equations. In this work, we use V;
and V5. More pairs of equations might give more information such as measurement uncertainty.
Another possibility is to consider (V; — V) and (V3 — V,) as commonly found in six-port
applications to eliminate the rectified terms. In this work, we do not to compute all possible
pairs, the main objective being to prove the validity of our approach. Investigation of the other
possibilities and improving the performance of the method will be done in future works.

The equation system is reduced to:
alo + a11.12 + alz. QZ + a13.1 + a14_. Q + a15.1. Q - Vl = O (559)

a30 + a31.12 + a32. QZ + a33.1 + a34. Q + a35.1. Q - V3 = O (560)

5.2.7 Experimental results

The fours output voltages measured by the digital scope are given in Fig. 4 for the test
frequencies 2.45 GHz, 6 GHz and 500 MHz. Figure 5.12(a) shows that the four traces are in
quadrature at the test frequency 2.45 GHz. As expected, the measured data are close to their
simulation counterparts. At the test frequency 6 GHz, the voltage range becomes smaller, in
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accordance with increased propagation losses on the six-port junction (optimized at 2.45 GHz).
In addition, the sinusoidal signatures are distorted and are not in quadrature. Same conclusions
can be drawn for the test frequency 500 MHz [Figure 5.12(c)]. In addition, the phase-shift
between the four curves is drastically reduced due to high guided wavelength of operation at
500 MHz. From the detected voltages, the calibration coefficients are computed according to
the STEP 2. The calibration coefficients are summarized in Table 5.10 for the three test

frequencies. The determination coefficients Rz close to 1 demonstrate the performance of the
modelling.

Voltages (Volt)

E;CI 1 30 2';'0 3&'&0 4:-3':! 540 630
Agh (deg)
(a)

Voltages (Volt)

0 a0 180 270 360 450 540 B30
A (deg)

Voltages (Volt)

0 an 180 270 360 450 540 630
A (deg)
(c)

Figure 5.12 Detected voltages as a function of the phase-shift A¢ at different operating
frequencies.
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Table 5.10 Calibration coefficients at 2.45 GHz, 6 GHz, and 500 MHz.

Coefficient \ Parameter \ Frequency

V1 2.45 GHz 6 GHz 500 MHz
a10 1 -0,0037 V 0.00086 V -0.0013V
a1l 12 -0,0029 V -0.0019V -0.0011V
an Q? -0,0033 V -0.0019V -0.001V
ai13 I 0,0065 V 0.0007 V 0.0022 V
a4 Q 0,00047 V 76 pVv 0.0004 Vv
as IxQ 0,00012 V 19 pv 31V

R? 1 0.9996 1

V3 2.45 GHz 6 GHz 500 MHz
a3o 1 -0,003 V 0.00086 V -0.0013V
as1 12 -0,002 V -0.00209V | -0.0012V
as Q? -0,002 V -0.002 vV -0.0011V
a33 | 67 v -0.0009 V 0.002 V
as4 Q 0,005V -0.0003 V 0.0009 V
ass IxQ, 0,0001 V 16 pV 43 vV

R? 1 1 0.9998

The 2-D curve fitting model based on the 2nd order Fourier analysis is illustrate graphically
in Figure 5.13 for the test frequencies 2.45 and 6 GHz.

Figure 5.13 is instructive as it shows graphically the voltage distortion induced by the
frequency of operation. One interesting point concerns the voltage distortion seem even at the
optimized frequency 2.45 GHz induced mainly by the deviation from quadratic law of the
power detectors. Indeed, a preliminary linearization of the power detectors is usually
considered. In this work, we demonstrate that the proposed modelling takes into account the
imperfections brought by the power detection as part of the whole calibration process. At this
point, we validate the resolution of the direct problem and calibration.

From the calibration coefficients, we can now solve the system given in (5.59) - (5.60) using
the Newton-Raphson resolution method and hence address the inverse problem. To present a
clear picture in terms of measurement performance, we compute separately the mean and
maximum amplitude and phase-shift errors obtained on the determination of the complex
impedances (that represent the complex ratio between the RF and LO signals) defined by

1Z| = /1% + Q? (5.61)

¢z = atan (%) (5.62)
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Figure 5.13 Curve fitting based on the 2" order Fourier analysis for V1 at (a) 2.45 GHz and
(b) 6 GHz.

From Table 5.11, the mean errors in the order of 10 and 10 degrees for amplitude and
phase-shift respectively demonstrate the performance of the method proposed for the
frequencies 2.45 GHz and 500 MHz. For the upper frequency limit, i.e. 6 GHz, the mean errors
reach values in the order of 10-4 and 0.2 degrees for amplitude and phase-shift respectively.
Whereas the performance still remain good given the limited resource needed to address 1Q
demodulation, an extension of the modelling at the 3rd order will be investigated in future
studies to further reduce the error between measurement and modelling.

Table 5.11 Mean and maximum error on the complex impedance Z.

Frequency Mean Magnitude Error \ Max Magnitude Error
2.45 GHz 9.76e-09 0,341e-07

6 GHz 0,22e-04 6.55e-04
500 MHz 29e-09 0,93e-06
Frequency Mean Magnitude Error \ Max Magnitude Error
2.45 GHz 0,35 u° 11,78 u°

6 GHz 0.176° 0.904 °
500 MHz 79u ° 2,6 °
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5.3 Impedance Standard Substrate EM-Simulation for On-
wafer GSG probing

S-parameter measurements and calibration techniques come as a critical step in
understanding device behaviour at high frequencies, especially for on-wafer devices with
extreme impedances [20], [21]. Electromagnetic simulation plays a significant role in this
understanding. Simulation tools allow for virtual analysis of devices behaviour, hence,
potentially helping optimize designs and predict technical locks before physical
implementation. Authors in [22] and [23] explored some guidelines for the design and
characterization of calibration substrates. In this work, we used a scanning electron microscope
(SEM) to obtain the physical dimensions of the 101-190 C Impedance Standard Substrate (I1SS)
from FormFactor™. The 1SS was implemented in CST® Studio Suite. Lastly, we simulated the
reflection coefficient of a non-perfect 50 Q load and compared it to actual measurements.

5.3.1 Imaging

In order the accurately characterize and understand the properties of the 101-190 C
Impedance Standard Substrate (Figure 5.14), the latter was analysed using a scanning electron
microscope (SEM), which allowed for high-resolution imaging and precise measurement of the
physical dimensions of the ISS. Figure 5.15 illustrate the different structures found on the ISS.
Considering the complexity of the ISS, we decided to initially focus on studying the 50 Q load
structure. The main objective of this analysis was to compare the measured reflection
coefficient of the load structure with the simulated values obtained using CST® Studio Suite.
This comparative work helped to validate the accuracy and the reliability of the simulation
model. It comes as an important step of the main objective, which aims to understand the impact
of the geometries of the structures and the radiofrequency probes’ alignment on those structures
during the calibration process.

Figure 5.16 shows the dimensions of the load’s sheet resistance. The dimensions of the sheet
resistance are critical parameters that can significantly influence its electrical performances.
Therefore, extra care was taken when measuring it. Lastly, we used a profilometer in order to
obtain the thickness of the different structures.
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Figure 5.14 101-190 C Impedance Standard Substrate.
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Figure 5.15 SEM images of short (left), thru (middle) and load (right) structures of the 101-190
C Impedance Standard substrate.

Figure 5.16 Dimensions of the sheet resistance on an ISS load structure.

5.3.2 EM modelling

Here, we describe how the ISS was implemented in the electromagnetic simulation software
CST® Studio Suite 2021. As described in the previous section, all the physical dimensions
needed to construct the ISS were obtained. Hence, a complete ISS was implemented in the
software. Table 5.12 summarizes the materials used for each part of the design as well as the
electrical properties of those materials. Figure 5.17 represents the 101-190 C ISS as designed
in CST®.

Table 5.12 Material properties of the different part of the ISS.

Substrate Resistance \ Standards

Material Alumina  Ohmic sheet \ Gold

Epsilon 9.9 -- --
Electrical conductivity [S/m] -- 4.561x107
Resistance — 46 Ohm/sq * —
Thickness 635 um -- 4.4 um

*the resistance of the ohmic sheet should be 50 Q when perfectly flat. However, when
representing the ohmic sheet with the dimensions we obtained using the SEM, the simulated
response did not match the measured response. In addition, using a voltmeter, we measure a
value of 46 Q for this specific resistance (most of the resistances were 50 Q). Hence, we defined
a 46 Q ohmic sheet to match the reality.
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Figure 5.17 The 101-190 Impedance Standard Substrate design in CST Studio Suite.

In order to simplify the simulation and optimize the simulation time, we modelled a portion
of interest from the ISS consisting of a 1 cm x 1 cm alumina substrate and the load structure as
shown in Figure 5.17. Figure 5.18 illustrate the structure that has been simulated.
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Figure 5.18 Portion of the ISS consisting of a single load structure on alumina substrate.

5.3.3 Simulation

Simulation parameters are summarized in Table 5.13. The waveguide port was defined
according to the definitions found in the literature about port definition for ungrounded coplanar
lines as shown in Figure 5.19 [24]. Figure 5.20 represents the waveguide port as defined in
CST®. Here, we chose to orient the parallel to the structure. We believe it is the best way to
represent orientation of the wave transmitted from an on-wafer measurement probe. It has to be
noted that the port definition can highly influence the results of the simulation. A port
definitions study should be conducted in order to optimise the results. Here, the main objective
was to focus on the characterisation of the load structure.
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Figure 5.19 Waveguide port definition.

Figure 5.20 The waveguide port as defined in CST®.

Table 5.13 Simulation parameters

Solver Frequency domain
Frequency ‘ 100 kHz — 50 GHz
Adaptive mesh ‘ Enabled

5.3.4 Analysis

Figure 5.21 shows the reflection coefficient of the 50 Q load obtained from the CST
simulation as presented in the previous section. Figure 5.22 shows the reflection coefficient
obtained from measuring the load with a vector network analyser. After measuring multiple
load, we observed that above 5 GHz, no difference in the measured reflection coefficient was
observed, even when comparing loads with very distinct DC resistance values (50 Q, 62 €, 120
Q). Indeed, as the VNA was not calibrated, at higher frequencies, influence of the instrument,
especially the cables, start to be bigger that the response of the measured loads. Hence,
comparison was done at lower frequencies. At 5 GHz, the measured reflection coefficient was
—28.33 dB against —28.39 dB for the simulation. At 2 GHz, we obtain —28.21 dB and
—29.90 dB for the measured and the simulated reflection coefficient respectively. Although
some differences still exist between the measured response and the simulation results, the
design provide accurate results overall.

Figure 5.23 shows the electrical and the magnetic fields respectively obtained from the
simulation. We can observe the both fields are uniformly and symmetrically distributed
throughout the structure. Regarding the electrical field, we can see that the wave if concentrated
around the central element of the coplanar line and the resistances on each side
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Figure 5.21 Reflection coefficient of the 50 Q load obtained from the CST simulation.
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Figure 5.22 Reflection coefficient obtained from measuring the load with a vector network
analyser.
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Figure 5.23 Electrical field and magnetic field respectively obtained from a simulated load
structure of the 101-190 C ISS.
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Multiple conclusions can be drawn from this work. First, it is important to note that results
depend highly on the geometry of the resistance and the coplanar line. Here, we defined our
resistance as an ohmic sheet. The ohmic sheet is considered perfectly flat. In reality, it may not
be the case. Resistances present on the ISS might have a certain thickness. This thickness can
change the electrical properties of the load structure. In order to complete this work, the
resistance should be analysed using a profilometer in order to obtain its exact thickness and
adjust the simulated design accordingly. Another conclusion that can be made from this study
is related to the choice of the calibration structures. While calibrating, the calibration structures
should be verified through their radiofrequency response and their DC values. As a side work,
all loads from the used ISS were measure using a voltmeter. Although almost all the loads had
a 50 Q resistance value or close, some loads did not. This could be caused by deterioration of
the ISS.

A future study will be dedicated to designing and simulating an Infinity GSG probe with the
ISS. Simulation will help evaluate the influence of the probe positioning on the calibration
standards. Indeed, using the reflection coefficient obtained in the simulation, it would be
possible to compute a 1-port or a 2-port calibration algorithm. Design of the GSG probe in
microstrip line have been realised in CST® using SEM images of the probe (Figure 5.24)
However, simulation configuration still need to be correctly chosen in order to obtain accurate
results. Figure 5.25 shows the design of the GSG probe in CST®.

20 gm EHT = 1.00 kv Signal A = SE2 WD = 3.9mm b
— Mag= 256X Image Pixel Size = 436.0 nm StageatT= 0.0° \'emn

Figure 5.24 SEM picture of the Infinity GSG probe with 100 um pitch captured at IEMN
laboratory.

Figure 5.25 CST design of a microstrip line based GSG probe with 100 um pitch.
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5.4 Conclusion

In this chapter, we presented some complementary works that have been performed in order
to enhance on-wafer characterization techniques.

We studied the instrumental noise of two types of VNAS, a compact 2-port Streamline and
a 2-port PNA. We revealed that each model performs better in certain configurations (IFBW
and measurement frequency). In particular, the Streamline appears to perform better in
transmission.

A Fourier analysis has been proposed to model the electrical response of the six-port 1Q
demodulator. By introducing 2" order Fourier term, imperfections brought by the technology
is taken into account mathematically, given the possibility to extend the frequency bandwidth
without additional hardware requirement. As a demonstration, a frequency range extension of
250% is exemplary demonstrated considering a low-cost and fully passive six-port 1Q
demodulator fabricated on standard PCB.

The 101-190 Impedance Standard Substrate (ISS) from FormFactor™ has been designed
and simulated in CST® Suite Studio. Electrical properties of a 50 Q load from the ISS were
measured in the direct current (DC) and the radiofrequency (RF) ranges using a voltmeter and
a vector network analyser (VNA) respectively. This works come as a preliminary study to
improve the on-wafer calibration procedure for precise GSG probing.
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General conclusion

A new generation of on-wafer probe station was presented in this manuscript. The on-wafer
station has been developed from scratch completely. This latter is based on piezo-electric nano-
positioners to tackle issues related to inaccurate alignments of the RF probes onto the calibration
/ device substrate.

The hardware development as well as the software development were described. Each
component of the station was acquired separately from different manufacturers and had to be
studied separately. In term, the different components were brought together to build the station.
In particular, we identify three categories: the mechanical part, the instrumentation part, and
the software part. The mechanical part consists of the nano-positioners and the part that link it
to the RF probes, the camera, the optical table and the optical bridge that links the two. The
instrumentation part consists of the VNA, the RF probes and the calibration substrate. Finally,
the software consists of the LabVIEWTM program that make the station automated.

Once the development was achieved, the first RF measurements were done. Through a
repeatability study of the calibration process, we proved the performances and the automated
and robotic on-wafer station. Measurement uncertainties were drastically reduced compared to
a manual station.

A lot of perspectives are now opened to follow this work. First, the characterization of RF
devices can be achieved in order to evaluate the stations’ performances regarding this matter.
Indeed, the automation process needs to be extended in order to be able to measure different
devices. In particular, additional patterns can be added to the pattern data base in order to
recognize more types of contact pads. The aim is to build a “deep learning” program that will
handle image recognition of the ISS calibration standards, making stronger especially when
faced to unclear patterns (brightness issues, parasitic particles around the standards...). Also,
for safety measures (especially the durability of the RF probes and the ISS) the program runs
with a relatively slow rate. Some safety features of the program make it slower and can be lifted
to speed up the measurement process. Finally, although the VNA automation exists, it has to be
fully integrated to the automated calibration process yet. This should be included in the near
future.

In the last chapter, we presented EM-simulation of the ISS load standard. First design of a
microstrip based GSG probe has also been shown. The goal is to have a complete EM model of
the GSG probe and the calibration substrate in order to study the influence of micro- and nano-
misplacement of the probes on the calibration substrate.

Beside the on-wafer measurements, the station can host other projects. In particular, the
precision of the nano-positioner make it an attractive solution when dealing with applications
that require precise and fine displacements. The goal is to offer a tool that would be used by
research groups or R&D institutions for on-wafer and/or RF precision applications.
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Résume

Dans le contexte général de I'industrie européenne de la nanoélectronique, il est nécessaire
de développer de nouvelles techniques et de nouveaux instruments de caractérisation sous
pointes pour la validation précise et fine de circuits destinés a des applications haute fréquence
(HF). Pour faire progresser la miniaturisation des dispositifs a haute fréquence, de nouvelles
questions métrologiques liées a la caractérisation dimensionnelle et électrique doivent étre
abordées. Un instrument universel de caractérisation des dispositifs a radiofréquences (RF)
consiste en un analyseur de réseau vectoriel (VNA), une station de mesure équipée d’une paire
de sondes micro-ondes Ground-Signal-Ground (GSG) alignées manuellement ou
automatiquement au moyen d'un microscope ou d'un systéeme de caméra sur des substrats
d'étalonnage et des dispositifs sous test (DUT). Les structures de test RF conventionnelles
nécessitent des tampons (structures de contact) spécifiques pour s'adapter a la géométrie de la
pointe de la sonde. Le positionnement de la sonde sur la structure de test CPW génére des
erreurs de mesure de désalignement qui affectent la reproductibilité de la mesure. En outre, les
dispositifs présentent des impédances extrémes par rapport a l'impédance de référence 50 Q du
VNA, ce qui se traduit par une sensibilité et une précision de mesure médiocres.

Pour relever ce défi, une nouvelle station de mesure sous pointe entierement automatisée et
robotisée a été congue et construite a partir de zéro. Les sondes de mesure ainsi que le porte
échantillon accueillant le dispositif sous test sont montés sur des nano-positionneurs
piézoélectriques du constructeur SmarAct®. La vision du contact sondes — au — composant sous
test est assurée par une cameéra microscope haute résolution. Un analyseur de réseau vectoriel
Streamline Keysight® a été intégré a la station afin d’obtenir une solution compacte au plus
prés des sondes et réduire ainsi les erreurs non systématiques inhérentes aux variations de
I'environnement. Enfin, un programme de pilotage des sondes et du porte échantillon
automatique basé sur la reconnaissance d’image a été développé avec le logiciel LabVIEW ™,

Mots clés: mesures hyperfréquences, mesures sous pointes, analyseur de réseaux vectoriel,
métrologie haute fréquence, calibration, tracabilité électrique, nano-robotique, automatisation.

Abstract

In the general context of the European nanoelectronics industry, it is necessary to develop
new on-wafer characterisation techniques and instruments for precise and accurate validation
of circuits designed for high-frequency (HF) applications. To advance the miniaturisation of
HF devices, new metrological issues related to dimensional and electrical characterization must
be addressed. A universal instrument for the characterization of RF devices consists of a vector
network analyzer (VNA), a measurement station equipped with a pair of ground-signal-ground
(GSG) microwave probes aligned manually or automatically using a microscope or a camera
system on calibration substrates and devices under test (DUT). Conventional RF test structures
require contact pads to adapted to the probe tip geometry. The positioning of the probe on the
CPW test structure generates misalignment measurement errors that affect the reproducibility
of the measurement. In addition, nanodevices have extreme impedances compared to the VNA's
characteristic impedance of 50 Q, resulting in poor measurement sensitivity and accuracy.

To meet this challenge, a new fully automated and robotic on-wafer probing station was
designed and built from scratch. The measurement probes as well as the chuck hosting the
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device under test are mounted on SmarAct® piezoelectric nanopositioners. The view on the
probe-to-DUT contact is provided by a high-resolution microscope camera. A Keysight®
Streamline vector network analyzer was integrated into the station to obtain a compact solution
close to the probes in order reduce the non-systematic errors inherent in environmental
variations. Finally, a program for driving the probes and chuck, based on image recognition,
was developed with the LabVIEW™ software.

Keywords: high frequency measurements, on-wafer measurements, vector network analyzer,
high frequency metrology, calibration, electrical traceability, nano-robotics, automation.
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