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Dear Colleague,

I am very pleased to welcome you to the 5th Conference on Nano- and
Micromechanics (CNM) conference.

The CNM 2017 conference is an international meeting, devoted to micro and nanome-
chanics, which is held in Poland biennially in July. The conference brings together engi-
neers and scientists from both academia and industry from across the world to discuss the
recent progress and future developments in the nano- and micromechanics. Applications
in electronics, nanotechnology, biotechnology, photonics environment and life sciences will
also be discussed in a friendly and relaxed atmosphere.

The conference has evolved from Krajowa Konferencja Nano- i Mikromechaniki (KKNM).
The CNM 2017 will be the 5th in a series, which was started in Krasiczyn in 2008 and
was held in Krasiczyn in 2010, in Warsaw in 2012 and in Wroclaw in 2014. In July 2017
CNM17 again will be taking place in Wrocªaw.

I would like to invite you to take part in our conference being fully convinced that your
participation will make the program more attractive and the discussions more fruitful.

With best regards,
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"CARBON NANOTUBES"

09:45-10:15
[I-01] C. Roman "Nanomechanical sensors based on

individual carbon nanotubes"

10:15-10:45
[O-01] P. Grabiec "MEMS/NEMS challenges in
IoT/Industry 4.0 era"

10:45-11:05
[O-02] Burhanettin Erdem Alaca / Mustafa Yilmaz "Finite
Element Modeling for Twist-Bend Buckling of Si Nanowire
Structures"
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Nanomechanical sensors based on individual carbon nanotubes

C. Roman1,∗, L. Jenni1,
L. Kumar1, C. Hierold1

1ETH Zürich, Tannenstrasse 3, Zürich, 8092, Switzerland
*croman@ethz.ch

Keywords: carbon nanotubes, sensors, mechanical resonators, ultra low power, resolu-
tion

Carbon Nanotubes have close to ideal mechanical properties, huge sti�ness and strength
and ultra low mass. All these properties result directly from the strong sp2 C-C bonds
and lightness of the carbon element. Expectedly, researchers have tried to exploit these
features in many types of electro-mechanical transducers.

One of the �rst transducer types based on individual single-walled carbon nanotubes
realized in our group was for sensing displacement and force [?],[2]. These transducers
showed exceptional piezoresistive gauge factors of 2900 and yield strains above 1.5%. Such
performance encouraged us to develop subsequently pressure sensors [3] using carbon nan-
otubes as miniaturized strain gauges. Although very sti�, nanotubes are still considerably
smaller than the pressure sensor diaphragms, meaning that the overall mechanical prop-
erties are still determined by the latter. This has allowed us to miniaturize our pressure
sensors further down to radii of about 20 µm while retaining gauge factors above 450 and
achieving 15 mbar resolution [4],[5].

Most piezoresistive devices mentioned above were fabricated by growing the nanotube
directly onto the targeted oxide substrate and subsequently de�ning the devices via e-
beam lithography around AFM-localized nanotubes. However, the presence of the oxide
and the exposure of the nanotubes to lithography resists produced undesirable side e�ects
such as gate hysteresis and high excess noise. Another approach was developed in our
group to integrate carbon nanotubes into mechanical structures to circumvent these issues.
Therein, individual ultraclean nanotubes are grown between contacts, and subsequently
metalized by evaporating palladium through self-aligned on-chip shadow masks. Such a
process leaves the nanotubes pristine and indeed lead to hysteresis-free nanotube devices
in ambient conditions [6].

Ultra-clean, suspended carbon nanotubes are ideally suited for making mechanical
resonators. In [7] we report on the fabrication and characterization of such resonators.
Capacitive and piezoresistive current modulation readout were compared showing the su-
periority of the latter method. Resonance at 79.5MHz and Q-factors of 91 have been
measured at ambient temperature but 7 × 10 − 4Pa of pressure. Since the carbon nan-
otubes are embedded into microactuators, it was possible to tune the resonance frequency
mechanically by uniaxial strain applied via actuators. Beam-to-string transition is ev-
idenced in the measurements with a sensitivity of 9.4 × 1010Hz/ε in the latter regime.
Tuning of the frequency in the 10�60MHz was achieved together with Q increases upon
straining.

The fabrication platform developed so far should allow us to answer some of the open
questions still surrounding carbon nanotube resonators. In particular, understanding and
ideally reducing energy dissipation, or equivalently improving Q factors is a crucial ob-
jective. With those challenge addressed it is possible to achieve mass sensors towards the
single-proton resolution limit and ultra-sensitive strain gauges.
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Recently, new and reliable fabrication techniques for nanowires are developed and as a
result, nanowires �nd applications in a variety of �elds [1]. Both geometrical aspects and
operational requirements of such nanowire architecture can be drastically di�erent from
each other. In some instances, successful operation depends on the nanowire's nonlinear
behavior which cannot be modeled accurately.

Dry etching is used successfully in the fabrication of top-down Si nanowires [2]. Re-
cent examples of such Si nanowires have been reported [3]-[5]. In one of these example
nanowires are fabricated with a trapezoidal cross-section with a 72-nm top surface width
increasing to 112 nm over a thickness of 168 nm (Fig. 1), that develops twist-bend buck-
ling upon in-situ midpoint bending test. In this work, an FEA (Finite Element Analysis)
model for the simulation of the twist-bend buckling behavior is reported, which is valid for
small and large displacements. Utilizing the results of an in-situ mid-point bending test
[6], we modeled the behavior of a Si nanowire with the above mentioned cross-sectional
features. Due to the speci�c geometry, twistbend buckling is encountered during the
test. The average force-displacement data are given in Fig. 2 (Plot III). First, we used a
mathematical model that is suitable for the geometric nonlinearity associated with large
displacements (Fig. 2, Plot I). The model was utilized for validating FEA simulations. In
the next step, we developed an FEA model for post-buckling interstate integrations for
predicting the new iteration parameters such as displacement, required forces and new
deformed shapes (Fig. 2. II). Fig. 3 provides a comparison of the involved stress distri-
bution in the absence (Fig. 3.a) and presence of buckling (Fig. 3.b).

The developed FEA model is currently generating acceptable results compared to
the bending experiments and could help us understand the mechanical behavior at the
nanoscale, such as fracture, in a better way.

Acknowledgments
This work was supported by Tubitak under Grant No. 112E058 and Koc University Rotary
Club Fundamental Research Seed Fund Group. The contribution of BAM has received
funding from the EMPIR programme StrengthABLE co-�nanced by the Participating
States and from the European Union's Horizon 2020 research and innovation programme.
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Fig. 1: Fabricated Si NWs that is
used in this modelling buckling model
(dashed line represents extrapolation
study.

Fig. 2: FEA model results, inset de-
picts the modeling environment. (I)
Large displacement model , (II) In-
terstate buckling model (dashed line
represents extrapolation indicating the
absence of buckling), (III) Experimen-
tal average results.

Fig. 3: Stress Distribution in midplane for 1 microNewton applied force (a) Large dis-
placement model (b) Interstate Buckling Mode
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AFM-IR: new tool for bio- and polymer research (Infrared
Spectroscopy with 10 nm spatial resolution)
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Deniset-Besseau3, A. Dazzi3

1EPFL, LPMV, Lausanne, 1015, Switzerland
2Anasys Instruments, 325 Chapala St., Santa Barbara, 93101, USA

3Universite Paris Sud, Av. Jean Perrin - Bat. 350, Paris, 91400, France
*andrzej.kulik@ep�.ch
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Infrared (IR) spectroscopy commonly used for chemical identi�cation has no, or poor
spatial resolution which is di�raction limited (typ. 30 µm). IR sources have limited
power, so measuring time is long.

Progress in design of tunable IR sources, like OPO (Optical Parametric Oscillator),
led to development of AFM-IR method. Short laser pulses of the wavelength within sam-
ple's absorption bands induce local thermal expansion. Vertical component of thermal
expansion is measured using AFM cantilever in contact with sample surface. Short defor-
mations are exciting resonant frequencies of the cantilever and amplitude of each of the
resonant peaks is proportional to local IR absorption. Limit of the sensitivity is deter-
mined by the thickness of the specimen and has to be bigger than 100 nm. (Fig. ?? and 2)

Quantum Cascade Lasers (OPO) can deliver fast repetition of output pulses. There-
fore, one can tune output pulse frequency to resonant frequency of the cantilever. High
mechanical quality factor, enhancing the signal, allow one to measure thermal expansion
of the samples having thickness of only 1 nm.

Contact AFM is not always the best choice for soft samples. Recently tapping mode
operation was implemented. Tapping cantilever oscillates at the �rst �exural mode. One
tunes QCL laser frequency to the di�erence between �rst and second mode of the can-
tilever. Nonlinear tip-sample interactions act as mechanical mixer, exciting second mode
of the cantilever with amplitude proportional to IR absorption. This tapping mode AFM-
IR is the best suited to study thin layers of polymers and biopolymers. Spatial resolution
of 10 nm allows one to distinguish small features on IR absorption image [2].

As well IR absorption spectra can be obtained at any point of the sample. The fastest
experiment is delivering IR spectrum every 100ms, so full information about the sample
can obtained at every pixel within reasonable time.

References

[1] W. Gruszecki, AJ Kulik, E Janik, J Bednarska, R Luchowski, W Grudzinski, G Dietler,
Nanoscale resolution in infrared imaging of protein-containing lipid membranes, Nanoscale,
7, 35, (2015)

[2] Alexandre Dazzi, Craig B. Prater, AFM-IR: Technology and Applications in Nanoscale In-
frared Spectroscopy and Chemical Imaging, Chem. Rev., 2017, 117, 5146-5173

16



Fig. 1: Setup of nanoIR system

(a)

(b)

Fig. 2: High resolution images of arti�cial membrane (bilipids + LHCII): Topography,
Sti�ness and IR absorption. Below, IR spectra measured in two di�erent locations. (From
[1])
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Application of nano-FTIR spectroscopy and infrared near-�eld
imaging for contactless thermography

B. KÄSTNER1, P. HERMANN1, A. HOEHL1,
H. W. SCHUAMCHER2, X. K. HU2, P. KRZYSTECZKO1, G.

ULRICH1, G. ULM1,

1Physikalisch-Technische Bundesanstalt (PTB), 10587 Berlin, Germany
2Physikalisch-Technische Bundesanstalt (PTB), 38116 Braunschweig, Germany

Near-�eld optical techniques such as scanning near-�eld infrared microscopy and nano-
FTIR spectroscopy enable imaging and spectroscopic characterization of samples with
both high sensitivity and high spatial resolution. In this work we realized nano-FTIR
spectroscopy by elastic scattering of infrared light from a probe tip of an atomic force
microscope operated in tapping mode, with synchrotron radiation provided by the Metrol-
ogy Light Source (MLS) [1]. We apply nano-FTIR spectroscopy and near-�eld imaging on
samples with a well de�ned temperature pro�le and material having a temperature depen-
dent phonon resonance. Mapping the spectral position of the phonon resonance allows
in principle to determine the temperature distribution on the nanoscale. This method
may be regarded as material speci�c contactless thermography that does not require the
establishment of thermal equilibrium between probe tip and sample. We con�rm the con-
sistency of the determined temperature distribution with FEM simulations.
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AFM and SEEC equipment for nanoscale imaging and
measurements

P. Kasprzycki1

1IRtech, Ul. Wy»ynna 8H, 30-617 Kraków
*piotr@irtech.pl

Presentation of new ezAFM+ microscope designed by NanoMagnetics Instruments
and its accessories for di�erent applications and N-Lab station using SEEC technique for
nanoscale imaging and its applications for material veri�cation.
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Devices to detect oscillations induced by living organisms

W. Chomicki1, P. Stupar1,
R. Foschia1, S. Kasas2, G. Dietler3

1Laboratoire de Physique de la Matière Vivante (LPMV), Ecole Polytechnique Fédérale
de Lausanne (EPFL), Lausanne, CH-1015, Switzerland

Recently our team demonstrated that living organisms attached to an Atomic Force
Microscope cantilevers induce oscillations that re�ect their viability and their metabolism
[1],[2],[3],[4]. Our team demonstrated a possibility that homemade device can ful�ll all
the requirements to capture oscillations induced by living organisms. The device operates
with noise level similar or better than commercially available AFM, accommodates tra-
ditional AFM cantilevers and is extremely simple to operate. In addition the price of the
instrument is only a fraction of a traditional AFM. We are seeking to implement similar
devices in hospitals and research laboratories for rapid drug screening. There is a need
for a device that can be operated remotely in closed spaces, hence the development of a
motorized version of the device is desirable. This hardware can be easily upgraded with
software for automated alignment or drift correction. In this presentation recent progress
will be shown.
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In 2017 the new record was beaten by IBM which creates a 5nm transistor on new type
[1]. In this case the nanoelectonics is one of the fastest expend branch in the modern sci-
ence. In near future new materials and technology will be used to manufacture fast, small
and cheapest integrated circuits (IC). This trend is strong connected to the assumptions
of the Moore's Law. Unfortunately whit down-scaling of the electronic elements then new
problems are showed by pushing the length of the gates in transistors to the physical
limits [2]. The main problem is the heat generated in passive and active elements of nano
devices that like: resistors, connections patch, transistors, ets. Wherefore there must be
made new methodology of investigation such as: mechanical, thermal and/or electrical
properties of the fabricated structures and new materials used.

In this paper we present the results of investigation active and passive samples using
the scanning thermal microscopy (SThM) which stems directly from AFM. Report tech-
nique, permissive high resolution topography and thermal investigations, utilizes novel
piezoresistive SThM probes with piezoresistive detector of de�ection. Which are man-
ufactured in standard technology: MEMS, CMOS and Focus Ion Beam in postprocess-
ing fabrication steps[3][4]. Moreover the probes allow to obtain high resolution thermal
structure measurements. It is possible using novel conductive platinum coated tip with
4-point probe connection wiring for thermal measurement and used in a standard setup
in home-made Atomic Force Microscope detection system. Unique construction of SThM
cantilever enables measure quantitatively temperature in each point of structure. Further
new mode, called Load Force Modulation Method (LoFM), initially was developed for
thermal measurements using cantilevers with the piezoresistive de�ection sensor to con-
trol precisely contact force on each point of scan and measure heat dissipation in and out
of the contact with force below 50 nN and resolution 2 nN [5]. Presented methodology
and techniques allow to obtain quantitative temperature and thermal conductivity of in-
vestigated samples in nanoscale.

Acknowledgments
This work was partially supported by the statutory research grant of the Wroclaw Uni-
versity of Technology grant no.: 0401/0234/16.

References

[1] https://www-03.ibm.com/press/us/en/pressrelease/52531.wss

21



O-05

[2] B. Y. M. M. Waldrop, O. F. M. S. Law, and M. Interesting, More Than Will Soon Abandon
Its Pursuit, Nature, vol. 530, p. 145, 2016.

[3] P. Janus, P. Grabiec, A. Sierakowski, T. Gotszalk, M. Rudek,D. Kopiec,W. Majstrzyk, G.
Boetsch, B. Koehler, Design, technology, and application of integrated piezoresistive Scanning
Thermal Microscopy (SThM) microcantilever, Scanning Microscopies 2014, Proc. of SPIE
Vol. 9236, 92360R

[4] P. Janus, D. Szmigiel, M. Weisheit, G. Wielgoszewski, Y. Ritz, P. Grabiec, M. Hecker, T.
Gotszalk, P. Sulecki, E. Zschech, Novel SThM nanoprobe for thermal properties investigation
of micro- and nanoelectronic devices, Microelectronic Engineering 87, 2010, ss. 13701374

[5] Janus, P., Sierakowski, A., Grabiec, P., Rudek, M., Majstrzyk, W., Gotszalk, T. Microma-
chined active test structure for scanning thermal microscopy probes characterization, (2017)
Microelectronic Engineering, 174, pp. 70-73.

22



SESSION 3:
4th July 2017

"CHEMISTRY & PHYSICS"

14:20-14:50
[I-03] K. Soza«ski "How to Break a Molecular Motor:

A Study of Kinesin Motion in Crowded Environment"

14:50-15:10
[O-06] S. Pawªowska "Lateral Migration of Highly De-
formable Nano�laments Conveyed by Oscillatory Flow"

15:10-15:30
[O-07] R. Pytli«ski "Complex Stress States in Electromag-
netic Field"

15:30-15:40 [E-03] �. Zarodkiewicz "A Closer Look at nanoTechnology"

15:40-16:00
[O-08] P. Sadowski "Micromechanical modelling of elasto-
plastic composites: e�cient and robust �nite-element
implementation of Mori-Tanaka model"

16:00-16:20
[O-09] P. Zióªkowski "On Navier slip and Reynolds transpi-
ration numbers"

18:00-21:00
WELCOME PARTY AT THE NATIONAL MUSEUM -
plac Powsta«ców Warszawy 5

23





I-03

RF NEMS Based on Suspended Graphene Structures

K. Soza«ski*1, F. Ruhnow2, A. Wi±niewska1,
M. Tabaka1, S. Diez2, R. Hoªyst1

1Institute of Physical Chemistry, Polish Academy of Sciences, Kasprzaka 44/52, 01-224
Warsaw, Poland

2B-CUBE Center, Technische Universität Dresden, Arnoldstrasse 18, 01307 Dresden,
Germany

*ksozanski@ichf.edu.pl

Keywords: molecular motors, nanomechanics, viscosity, di�usion, kinesin

Kinesin is a motor protein, responsible for cargo transport in eukaryotic cells. It is a
widely studied model of a biological molecular motor. Each kinesin molecule comprises
two motor domains connected by a short, �exible linker. It moves along microtubules �
which constitute a cellular sca�olding � in a step-by-step manner. It has been shown that
a single kinesin motor can act against forces of up to 7 pN. However, the mechanism of
force generation by kinesin is still debated.

In a series of in vitro experiments, based on single molecule tracking, we found that
even a moderate increase in the viscosity of the environment � to about 5 mPa·s, i.e.
around 5 times the viscosity of water � can cause an utter stall of kinesin motors. This
is about 5 orders of magnitude less than expected from Stokes' law, which predicts that
a sphere of 6 nm in diameter (approximately the size of a kinesin motor unit) moving at
a velocity of 100 nm/s would experience a stalling drag force in a medium of viscosity
as high as 700 Pa·s. We carefully analysed di�erent physical factors that could cause
this e�ect, including kinesin aggregation, in�uence of disjoining pressure and depletion
interactions, as well as limited ATP availability. We point to the viscosity increase as the
key factor determining kinesin's functionality. We quantitatively estimated the increase
in activation energy for di�usion of the motor domain, which � combined with the barrier
for stretching the protein linker � disrupts the chemomechanical step cycle.

The motor stall has not been observed in previous studies. This was due to the fact
that those experiments relied on crowders (i.e. viscosity enhancing agents) of high molec-
ular weight and relatively large dimensions. According to the paradigm of length-scale
dependence of viscosity, such crowders have practically no in�uence on the local environ-
ment of the motor domain: when the moving object is similar in size or smaller than the
crowders, it experiences an e�ective viscosity much lower than the macroscopic, bulk vis-
cosity of the liquid. Our study is the �rst one to consider viscosity scaling when analysing
kinesin motion in viscous media. Interestingly, the determined stall limit is lower than
the e�ective viscosity usually observed in eukaryotic cell cytoplasm only by a factor of
1.5-3. This opens an intriguing perspective of how tuning the viscosity may constitute a
means of global regulation of transport in cells.

The results presented hereby are a strong argument supporting the model of kinesin
stepping where motion of the motor domain is realized by di�usion, while ATP-aze ac-
tivity only provides synchronization and processivity. This implies that even such model
system of active transport at the molecular level is in fact based on a passive, sponta-
neous process of di�usion. An even broader conclusion concerns the key importance of

25



I-03

the viscosity scaling paradigm in nanomechanics � especially in biophysical studies, which
often deal with complex environments featuring multiple length-scales.

Fig. 1: Simpli�ed scheme of the stepping cycle of a kinesin molecule moving along a
microtubule. The key part of the cycle � translocation of the free motor domain to the
next binding site � is realized by di�usion. Even a moderate increase in the viscosity
of the environment can slow this process down to a point where a backwards reaction
becomes favourable and the stepping cycle is disrupted.
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Recently, we demonstrated possibility to produce hydrogel in a form of nano�laments,
the supreme geometry for conducting targeted material delivery to regenerate aligned tis-
sues or perform DNA transport. Hence, in the following we analyze transport properties
of such objects conveyed by oscillating �ow simulating typical extracellular environment.
Due to nanometric size of our nano�laments both hydrodynamic interactions and Brown-
ian �uctuations have to be considered. The problem has analogy to exhaustive studies of
DNA �ow dynamics, though the coarse �laments material allows to limit problem descrip-
tion to purely hydrodynamic interactions, neglecting complex molecular and electrostatic
interactions.

FITC-�uorescently labeled hydrogel nano�laments were prepared by co-axial electro-
spinning of two immiscible polymers (PLCL polymer and NIPAAm/BIS-AAm hydrogel
solution), with the former one being used to mold the hydrogel in the core-shell structure
[1]. After removal of their shells, hydrogel nano�laments suspended in water - DMF (4:1)
solution were introduced into the PDMS microchannel using a syringe micro-pump. The
microchannel was equipped with two additional pre-chambers used to collect nano�la-
ments and to introduce the selected one into the observation area. Care was taken to
analyze nano�laments solely remaining in the plane of observations. In-house designed
squeeze-tube micro-pump was used to produce sinusoidal oscillating �ow within the chan-
nel. The velocity amplitude Vmax varied from 100 µm/s to 900 µm/s, �ow oscillations
frequency was set around 0.1 Hz. Nano�laments were imaged using epi�uorescence mi-
croscope (Leica AM TIRF MC) equipped with 20x/0.40 NA air objective and a mercury
lamp light source. The �ow-induced migration of nano�laments was recorded using a
high-gain EM-CCD camera (C9100-2, Hamamatsu) with typical frame rate of 15 Hz. The
mechanical properties of our nano�laments such as persistence length (Lp) and bending
sti�ness were evaluated from their Brownian shape deformations. Selected for the exper-
iment nano�laments were characterized by �exural modulus of 2 kPa, typical radius R of
about 50 nm, and contour length L of several micrometers.

Performed experimental investigations demonstrated presence of lateral migration
of nano�laments, and their complex bending dynamics, being characteristic for long
biomolecules. Experimental data are compared with hydrodynamic worm-like beads
model of �bers conveyed by shear �ow, con�rming predicted �ber tumbling and lateral
migration. Our electrospun nano�laments o�er a unique capability to mimic dynamics
of long �exible object conveyed by a hydrodynamic �ow. At the same time, they can
be successfully used to validate essential assumptions of computational models used to
describe dynamics of complex suspensions.
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Fig. 1: Schematic of 3 mm long rectangular microchannel with nano�lament conveyed by
oscillatory �ow; indicated section observed under the microscope.
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Fig. 2: Lateral migration of nano�lament into the microchannel center; insert � snapshots
of �lament buckling. R = 53 nm; L = 41 µm; Lp = 2.89 µm; Re = 0.06
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The Mori�Tanaka (MT) model [1] belongs to the wide class of mean-�eld homogeniza-
tion methods that have been developed for predicting overall properties of heterogeneous
materials. While more elaborate multiscale approaches, such as the FE2 method [2], are
readily available, the mean-�eld models are still attractive in view of their simplicity, good
predictive capabilities and low computational cost [3].

The MT model is a mean-�eld model originally dedicated to the estimation of e�ective
properties of linearly elastic two-phase composites. It originates from Eshelby's solution
to the problem of an ellipsoidal inclusion embedded into an in�nite linearly elastic ma-
trix [4]. The MT scheme, originally formulated for elastic composites, can be adapted
to elasto-plastic composites by applying incremental linearization, as proposed by Hill
[5]. In order to use the incremental MT method in practice, e.g., as a two-phase mate-
rial model in the framework of the �nite element method, the rate form of: constitutive
equations of phases, so-called interaction equation and averaging rule, must be integrated
over time. This leads to an incremental �nite-step formulation and several practical real-
isations, dating back to [6], [7], are known. However, computational e�ciency, consistent
linearization, and related issues have not attracted su�cient attention yet. The goal of
this work is to develop an e�cient and robust incremental MT scheme, suitable for large-
scale �nite-element computations.

Consistent linearization of the macroscopic stress predicted by the MT scheme is
considered a necessary condition to achieve the goal of this work. The automatic di�er-
entiation (AD) technique [8], [9] has been employed for that purpose. The corresponding
compact AD-based formulation of the incremental MT scheme has been introduced. The
AD-based formulation constitutes the basis for �nite-element implementation and for au-
tomation of the related tasks. The incremental MT scheme involves a nested Newton-type
algorithm with inner iterations corresponding to the equations of incremental plastic-
ity formulated for the individual phases and with outer iterations corresponding to the
micro-macro transition scheme of the MT method. Considering additionally the global
equilibrium iterations, the complete computational scheme can be classi�ed as a doubly-
nested iteration-subiteration scheme. Exact linearization, which is necessary for achieving
quadratic convergence rate, has been performed at each level so that the Newton method
can be used to e�ciently solve the nonlinear equations at each level.

However, consistent linearization was not su�cient to obtain a fully robust computa-
tional scheme. This is because convergence problems were encountered in some situations,
especially for higher content of inclusions and in large-scale boundary value problems. It
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has been found that the problems were caused by discontinuities in the incremental �nite-
step response [10]. The discontinuities may occur at the instant of the elastic-to-plastic
transition in the matrix phase and result from the related abrupt change of the reference
sti�ness for which the MT interaction equation is formulated. As a remedy, the incre-
mental MT scheme has been enhanced with a substepping strategy.

A highly robust and e�cient computational scheme has been �nally obtained, as il-
lustrated in Fig. 1. It presents results of a plate with a hole made of a metal-matrix
composite stretched in the longitudal direction. The material is composed of spherical
ceramic inclusions uniformly dispersed in an aluminum-alloy matrix. The inclusions are
assumed elastic, and the matrix is elasto-plastic, governed by J2-plasticity with isotropic
hardening. The �nite-element mesh comprises 368,640 trilinear hexahedral elements which
corresponds to approximately 1.2 million displacement unknowns. It can be seen that con-
sistent linearization of the incremental Mori�Tanaka scheme was not enough to achieve
desired robustness of the computational scheme, Fig. 1(a). Upon employing the substep-
ping strategy, the developed computational scheme [11] can serve as an extremely e�cient
micromechanical model in large-scale FE problems dedicated to elasto-plastic composite
materials, Fig. 1(b).
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(a) (b)

Fig. 1: The impact of response discontinuities on the convergence behaviour and robustness
of the incremental MT scheme employed in �nite-element computations for: (a) basic MT
scheme exhibiting severe convergence problems that are caused by the discontinuities and
(b) MT scheme enhanced with the substepping strategy [10]
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In the paper, based on the original argumentation of Reynolds and Maxwell with
consideration previous experiences in nano and micro-�ows area [1]-[4], a general form
of boundary forces that, consist a contributions from the friction and the mobility com-
ponents: f∂V = fr + fm has been extended to common e�ects of the bulk and surface
motion. Hence, adopting Reynolds reasoning to a porous media at whole, we reexam-
ine the Poiseuille-Knudsen-Reynolds equation in terms sum of three contributions: the
bulk pressure driven �ow, and two mobility surface forces, mainly: a Knudsen surface
slip driven �ow and a Reynolds surface thermally driven �ow. The main motivation of
our work is to �nd the nondimensional contribution of Navier slip number and Reynolds
thermal transpiration number in materials with the high volumetric surface density.

Though the continuous mechanics theory is enormously useful, it does not take into ac-
count all the phenomena that occur in the �uid solid interface at the micro and nanoscale.
So new approaches such as: continuum thermodynamics with slip velocity and thermal
transpiration [1]-[4] or molecular dynamics [5]-[6] are developed with consideration to
experimental result. A peculiar di�culty of modeling of �ow in porous media arises of-
ten if there is impressed to apply some extension of Darcy equation like, for instance,
Brinkmann-Darcy-Forchheimer equation [7]. Treating that a nano-pipe is equivalent to
a single porous domain and looking for common e�ects of the bulk and surface motion,
one may consider of a following momentum �ux integral in any cross section of a porous
media oriented by tangential component of unit vector ntan:∫∫

bulksection

(ρv ⊗ v + p)ntandA+

∮
C

(ρSvS ⊗ vS + pS + nnorp + f∂V )ntandC = 0 (1)

In the above ρv and ρSvS are the bulk and the surface momentum density vectors, ρ and
ρS are the gas density in the bulk and on the boundary. Next, p = pijei ⊗ ej = pT and
pS = pTS are the bulk and the surface �ux of momentum. The boundary force can be
separated on: surface friction and surface mobility, thus: f∂V = fr + fm [1]-[4]. A total
momentum in�ux as to be :

M =

∫∫
bulksection

ρvvtandA +

∮
C

ρSvSvStandC ;M = ṁvr (2)

where
∫∫

bulksection

ρvvtandA - contribution from bulk velocity and
∮
C
ρSvSvStandC - contri-

bution from the slip velocity. Using arguments of homogenization, there is assume an
existence of a resultant velocity vr , which is parallel to the vector of total momentum
which is located somewhere in a geometrical center of a velocity pro�le. In many cases,
independently on the shape of the cross section the bulk pro�le of velocity is nearly �at
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and ending with value of vStan ≈ vS - the magnitude of slip velocity. In the above, ac-
cording with traditional Reynolds notation, denotes resultant mass �ow rate. Taking into
account that f∂V = fr + fm = νvS − cmθgradsθS there can be reorganized the integral
(1), expressing explicitly the thermal mobility part cmθgradsθS with the thermo-mobility
coe�cient cmθ and the slip friction part νvS with ν Navier surface friction:

ṁvr =

∫∫
Poiseuille

[pI− 2µd]ndA−
∮

Darcy

νvSISdC−
∮

Reynolds

cmθgradS(ΘS)ISdC (3)

Since the cross section of porous media is quite arbitrary that a known procedure of
homogenization can be applied, than eq.(3) leads to 3D resultant equation [8]:

vr = −(
P

ν
B + DK)

gradP

P
+ D

gradT

T
(4)

where vr - the resultant �ltration velocity, µ - a gas viscosity, B - the permeability ten-
sor, DK - the Knudsen accommodation di�usion tensor and D - thermal transpiration
coe�cient tensor. Here, does not appear single surface pressure tensor pS , slip veloc-
ity vS or the surface temperature ΘS , since after homogenization their role takes the
capillarity pressure P and the capillarity temperature T . Also, the two-dimensional sur-
face gradient, due to homogenization turned into the three-dimensional gradient grad(·)
. This phenomenological model is based on the already averaged equations for the bulk
�ow resistance and the surface mobility forces.
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RF NEMS Based on Suspended Graphene Structures
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The semiconductor industry has been following Moore's Law for over 40 years with
amazing continuity. In spite of enormous improvements made in the �eld of optical
lithography, it can be expected that structure sizes smaller than 20 nm can be achieved
by conventional technology only at considerable expense. Consequently, the fundamental
challenge is to develop alternative fabrication technologies in particular for micro and nan-
otechnologies that are capable of measuring and patterning at the atomic scale in growing
operating volumes of several hundred millimetres in diameter. Tip-based nanofabrication
methods o�er high potential in this context. They already enable patterning in sub-10
nm range, but so far only in small processing areas (< 100 µm2), at low speed and with
limited precision.

Optical methods, due to non-linear e�ects, already allow the generation of subwave-
length structures in the plane even in large areas for surface functionalisation. The chal-
lenge addressed by our research consortium is to realise such functionalizations on non-
planar surfaces, such as aspheres or freeform surfaces.

The aim of the new Research Training Group "Tip- and laser-based 3D-Nanofabrication
in extended macroscopic working areas" (GRK 2182) funded by the German Research
Foundation (DFG) from 2017-2021 is to synergistically combine sophisticated nanofab-
rication techniques with the outstanding capabilities of Nanopositioning- and Nanomea-
suring machines (NPM machines) developed at the Technische Universität so that new,
multi-scale solutions arise for nanofabrication in large areas. It is to be examined to
what extent smallest features can be produced e�ciently in large areas by combining
the latest AFM tip-based nanofabrication techniques with the NPM technique. Likewise,
laser-based subwavelength processing methods in conjunction with the NPM-technology
shall open up the possibility to enable truly 3D nanofabrication with highest precision on
optical and particulary curved precision surfaces.

Compared with nanometrology the particular challenge of nanofabrication is that
static and dynamic deviations of position lead to errors (geometry errors, deviations in
shape, roughness) in the produced nanostructures or nanoscale objects. A post generation
correction is possible only in the case of measurement, but not during the production pro-
cesses. The research consortium can build on a successful multi-year collaboration in the
SFB Nanopositioning- and Nanomeasuring Machines (SFB 622), the Research Training
Group Lorentz Force and the research project Inno Pro�les Force Measurement and the
DFG device-center Micro-Nano-Integration at IMN MacroNano® of the TU Ilmenau.
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Atomic force microscopes, optical measurement instruments and tactile probes used
for measurement of surface topography need to be calibrated in their axes x, y and z
to be traceable to the SI unit of length. However, besides the calibration some of the
properties of the instruments depending on the measurement task, need to be determined
additionally: noise, �atness and roughness.

However optical �ats are mainly prepared by polishing thick glass or silicon substrates.
The polishing results in �atness deviation, i.e. a waviness of λ/20 or better, strongly de-
pends on the amount of work invested in polishing. Thus such optical �ats are expensive
and for many applications in AFM too large. So there is a need for crystalline �ats, which
are by nature �at due to the crystalline order. For roughness measurements samples are
necessary to probe the instruments properties and to verify that the instrument can per-
form the required task.

For all these cases where �at surfaces are needed, we have developed new measurement
standards based on crystalline silicon and its nature properties, i.e. we can prepare very
�at, step free terraces which are separated by monoatomic steps of 0.31 nm in height.
Due to a special annealing process, we can extend the width of the step free region up
to diameters of 150 µm, which allows both, to check the guiding errors of high-resolution
scanning instruments as well as the quality of reference waves in optical measurement
microscopes, like phase shifting interference microscopes.

Choosing other process parameters, we can grow several single atomic steps in form
an amphitheaterlike or a staircase-like structure. The former structures are useful for ac-
curate calibration, but the latter have the advantage to reduce measurement uncertainty
of the mean silicon step height to values down to U(k=2) = 20 pm.

Another technique developed to produce surfaces with well-de�ned roughness is using
Focus Ion Beam (FIB) technology in combination with silicon and other materials. We are
able to write structures in surfaces which can be used for the measurement of pro�le-like
roughness or in an advanced mode as areal-like roughness topography. The big advantage
against other techniques is the possibility to repeat the same pro�le or areal structure
several times, what signi�cantly improves the applicability. Some examples will be given.
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An x-ray interferometer can be regarded as a ruler or translation stage where the
graduations or displacements are based on the spacing between atoms in a crystal from
which x-rays are di�racted: in this case the (220) planes in a silicon crystal with a spacing
of 0.192 nm. The lattice parameter of silicon is known to a few parts in 108 and is regarded
as a secondary length standard that is traceable to the metre. The x-ray interferometer
can therefore be used for sub-nanometre positioning and has successfully been used both
for the determination of picometre scale errors in optical interferometers and as a high
resolution one dimensional translation stage for atomic force microscopy. Quadrature
signal process of XRI signals enables picometre sub fringe positioning.
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The measurement of (sub)nanonewton forces in nanostructures is of rising interest in
the �eld of biology, biophysics, medical science [1]-[3]. A further instance is the material
science and here especially the nanoindentation, where surface and layer properties, such
as Young's modulus or hardness, are determined in the nanonewton scale [4]-[6]. The
atomic force microscopy (AFM) can deliver data at the atomic-scale and is capable to
probe the interaction forces between surfaces gained. However, reliable quantitative mea-
surements are di�cult to obtain because a very precise knowledge of the cantilever spring
constant is necessary.

Several facilities for a traceable and precise calibration of AFM-cantilevers spring
constants have been developed by di�erent national metrology institutes [7]-[10]. The
cantilever to calibrate is pushed on a precise force sensor (electromagnetic force compen-
sated balance). Based on the measured force and de�ection the static spring constant of
standard AFM cantilevers have determined with an expanded measurement uncertainty of
1 � 4 % (k = 2).

A calibration facility based on this method has been developed at the TU Ilmenau
[11]. Measurements and investigations have shown, that uncertainties of the static spring
constant calibrations of standard AFM Cantilevers in the range of 1 - 3 % (k = 2) can be
achieved [12],[13].

The described calibration facilities of the national metrological institutes and of the
TU Ilmenau have in common, that the force resolution is limited to ≥ 1 nN. Consequently,
for proper calibrations of the cantilever spring constant, the calibration force should be
≥ 1µN . This force range is acceptable for calibrations of standard length cantilevers
(100 � 400 µm length) with spring constants of ≥ 1N/m. For smaller cantilevers with
lower spring constants even lower calibration forces must be applied to avoid high de�ec-
tions which would result in high nonlinearities of the force-de�ection curve and conse-
quently in rising measurement uncertainties of the spring constant calibration.

Standard sized cantilevers are usually too sti� to image at high speeds with high res-
olution. Herein, a high sensitivity to small forces is required resulting in an aggressive
cantilever-size scaling [14]. Within the new project "Novel Small cantilevers" cantilevers
with lengths ≤ 20µm and spring constants ≤ 0, 1N/m but high resonance frequencies will
be developed and investigated. Those cantilevers are prospectively needed for fast AFM
measurements in bioscience where a low mechanical impact is desired.

For investigations and calibrations of the small cantilevers spring constants a new cal-
ibration facility with a higher resolving force sensor will be developed. The force sensor
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will base on the electromagnetic force compensation principle and should be capable for
spring constant calibrations without increased demands on laboratory environmental sur-
roundings. To calibrate at forces ≤ 100nN the desired force resolution is ≤ 0.1nN .

Acknowledgments The authors acknowledge the �nancial support from Deutsche Forschungs-
gemeinschaft (DFG) of the project �Novell Small Cantilever� at Technical University Il-
menau.
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Graphene for Nanoscale Sensor Devices
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As transparent and �exible semimetal with strong control of its electrical conductiv-
ity by surface modi�cations and by external gate voltages, graphene is one of the most
promising materials for the possible realization of low cost multisensor platforms. Wafer
scale graphene prepared by chemical vapour deposition can either be transferred onto
silicon /SiO2 using Si as bottom gate of a simple �eld e�ect transistor (FET) struc-
ture, alternatively heterostructures based on thin layers of aluminium nitride embedded
between 2 graphene layers provide a wafer scalable technology for �exible and optical
transparent FET sensors and arrays [1]. Using non-covalent 1-pyrenebutyric acid N-
hydroxysuccinimide ester (PBASE) as linker molecule between graphene FET structures
and antibodies, macromolecular biological species and cells can be immobilized and con-
centration dependent shifts of the Dirac Point in graphene enables sensitive detection via
charge. Recently, we demonstrated exosome detection by a graphene FET structure which
forms one wall of a micro�uidic channel. As a new concept of a dual-mode biosensor, we
have secured the funding to develop a nanomechanical graphene aluminium nitride free
standing structure which should enable combined mass and charge detection � a viable
approach to tackle the high false positives and false negatives of current biomarker- based
early state cancer diagnostic tools.
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Nanocon�nement is known to have several signi�cant structural e�ects on �uid and
some researchers have reported that the con�ned phases are highly inhomogeneous. The
structure and dynamics of con�ned �uids can be vastly di�erent from their bulk behavior.
The liquids often tend to be structured near a solid surface, with typically higher local
density than that in bulk. The transport properties of �uids through nanochannels and
nanopores are the most important phenomena from both a practical and theoretical point
of view. Bitsanis et al. [1] studied the �ow of �uids con�ned in a slit pore and found
that the di�usivity decreases as the pore width decreases and viscosity increases at very
narrow pores. The viscosity, similarly as the other transport coe�cients (i.e the thermal
conductuivity, the di�usion coe�cient) describe the material properties of �uid within the
framework of continuum theory. Mass di�usion is a stochastic process, i.e. a consequence
of local heterogeneity of matter distribution and of the energy at a molecular level and
makes a contribution to molecules transport and is often coupled with phenomena which
can be observed in nanoscale �ows

The paper presents the values of water viscosity calculated by use molecular dynamic
simulation method (MD). There are several ways to obtain the values of the viscosity
by means of MD results: the Green-Kubo method, the Stokes-Einstein method or by
simulating Couette shear �ow or Poiseuille �ow. The last method was used to predict the
argon viscosity coe�cient and the water viscosity coe�cient [2]. In this paper the water
viscosity and di�usion coe�cient is determined for the water �owing through the copper
and the quartz channels which height is equal to 10 and 5 water molecular diameters. The
simulation were performed at T= 300 K using and in-house modi�ed version of Moldy
solver which permits to add the force to each water molecule to drive the �ow. MD
computation cell was the same as described in [3]. For a water the model TIP4P was
used. Results show that when �uid is con�ned in nanochannels, the transport coe�cients
can di�er signi�cantly from the bulk value and it depends from wall material. A similar
observation for shear �ow of a water has been reported in [4].
Acknowledgments
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As the �rst isolated two-dimensional (2D) material,[1] graphene leads an unprece-
dented boom in interdisciplinary research in the past decade. It shows tremendous po-
tential applications. One of them is in the area of the novel electronic devices due to the
superior charge carrier mobility (2× 105cm2V −1s−1) and very high thermal conductivity
(3000WmK−1).[2], [3] However, it seems that the application of graphene in transistors as
a planar channel material is unlikely to happen within the next decade because of the ab-
sence of a bandgap. Bandgap engineering and increasing the on/o� ratio are very essential
for its application in transistors. One of the approaches to tune the bandgap of graphene
is strain engineering. On the other hand, potential applications of graphene in electronic
devices and sensors inevitably involve sophisticated structure fabrications (patterning).[4]
Therefore, the investigation of strain engineering on patterned graphene-based nanostruc-
tures is a necessary step towards its practical application for future electronics.

In this study, focused ion beam and focused electron beam are used to directly pattern
graphene into nanoribbons. Focused electron beam shows relatively slow patterning speed,
but preserves much better crystallinity of graphene. An in-situ experimental methodology
in the transmission electron microscope (TEM) is demonstrated to stretch the patterned
graphene nanoribbons. The mechanical response of the graphene nanoribbons is mon-
itored in-situ, and the low-loss electron energy loss spectrum (EELS) of the stretched
nanoribbons under strain is recorded as an attempt to reveal the tuning of bandgap. The
correlation from simulations are provided as well. Density Functional Based Tight Bind-
ing (DFTB) simulation is conducted to predict a feasible bandgap opening as a function
of width in graphene nanoribbons at low strain levels.
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Fig. 1: An experimental sample. (a) Schematic picture, and (b) HAADF STEM image.

51



E-05

New approach to large-area graphene - HSMG ®

D. Gnatek1

1Advanced Graphene Products, Nowy Kisielin - A. Wysockiego 4, 66-002, Zielona Gora,
Poland

*d.gnatek@agp-corp.com

Advanced Graphene Products (AGP) is not only a manufacturer and supplier of high
quality graphene materials but also a research centre focused on the development of
graphene-related applications. AGP holds international patents for the unique method of
graphene production � growth on liquid metal matrix which yields in graphene charac-
terized by exceptional strength and durability (HSMG ®- High Strength Metallurgical
Graphene). The Company is actively working on the implementation of graphene prod-
ucts in various areas, such as sensor devices, composite materials or photovoltaics.
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Two-dimensional materials (2D), due to their interesting physical properties, are at
the center of interest of modern material engineering. The best known 2D material is
graphene, combining excellent electrical and thermal conductivity and signi�cant me-
chanical strength.

Graphene research has led to a number of discoveries such as fractional Hall e�ect,
"massless" electrons, gas impermeability, or applications such as conductive pathways for
�exible electronics, graphene transistors, hydrogen storage.

The following paper presents the results of studies on the electromechanical proper-
ties of two-dimensional nanostructures based on graphene. Graphene was obtained by
chemical or physical vapor deposition. Graphene was transferred (PMMA method or
marker-free method) to substrates like:

� SiO2 / Si, containing microcavities, which formed a membrane;

� low density polyethylene (LDPE) for elastic electronics;

� SiO2 / Al2O3;

� metals, etc.

Raman spectroscopy techniques and scanning probe microscopy (scanning tunneling
tunneling microscopy and atomic force micrscopy), have been used in this study to deter-
mine the parameters of the manufactured devices such as the stress state, doping level or
change in deformation resistance of the structure. Fig. ??,1 and 2 showed selected results
obtained during the investigations of the electromechanical properties of graphene devices.
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Fig. 1: Kelvin probe microscopy observation of the graphene membranes. Left - topogra-
phy; right - CPD[1]

Fig. 2: Kelvin probe microscopy observation of the graphene-LDPE composites. Left -
topography; right - CPD[2]

Fig. 3: Scanning tunneling microscopy studies of graphene on SiC substrate [3]
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Surface modi�cation of the micro- and nanocantilevers is a very interesting chance for
modi�cation of mechanical, electrical and physical properties of these micro- and nanode-
vices. Modi�ed cantilevers can be attractive tools in atomic force microscopes (AFM) as
a scanning probes and in biosensor applications [1],[2].

Fabrication processes of thin boron-doped diamond �lms on silicon-based micro- and
nano-electromechanical structures will be presented. Nanocrystalline boron doped -diamond
(B-NCD) �lms were deposited using Microwave Plasma Assisted Chemical Vapour Depo-
sition (MW PA CVD) method [3]. The variation of B-NCD morphology, structure and
optical parameters were particularly investigated. The sp3/sp2 ratio was calculated using
Raman spectra deconvolution method. The resistivity of B-NCD coatings was studied
using four-point probe measurements.

We present several kind of silicon cantilevers which surface was coated with boron-
doped diamond �lms. The change of mechanical parameters was investigated with laser
vibrometer. The analysis of a spring constant and resonance frequency shift connected
with mass addition are shown. Electrical parameters of boron-doped diamond �lms were
investigated by electrical mode of AFM � Kelvin probe force microscopy (KPFM). Work
function and electrostatic forces of deposited materials were measured [4].
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The ability of rapid manufacturing of features in the single nanometer regime has
been identi�ed as one of the most important step to enable future nanoelectronic, NEMS,
photonic, and bionanotechnology-based devices. In order to address this challenge we are
working on low energy electron exposure emitted from scanning proximal probe tips [1] -
[4], Fig. 1. Here, the electron energy is close to the lithographic relevant excitation and
the electrons penetration volume is minimized. In consequence, a much more spatially
con�ned lithographic interaction is enabled. Based on the thermally actuated, piezoresis-
tive cantilever technology we have developed a �eldemission scanning probe lithography
(FE-SPL) platform, which is able to image, inspect, align and pattern features down to
single digit nano regime.

However, due to the serial operation principle the throughput capability is rather
limited. Mix and match lithographic strategies [1],[3] are a promising path in order to
overcome this trade-o�. In this term, all large scale features are de�ned by conventional
lithography, whereas only the nanoscale features are patterned via closed loop FE-SPL.
By incorporation of in-situ imaging and alignment procedures a nanometer precise step-
and-repeat, multi-step and multi-layer lithography is enabled. In such a manner we have
recently demonstrated the combination of FE-SPL with optical lithography (Fig. 3)[1],
electron beam lithography (EBL, Fig. 2) [4] as well as with nanoimprint lithography
(NIL). As a result single electron transistor (SET) devices are patterned, transferred as
well as replicated successfully. The electrical characterization reveals quantum dot sizes
of < 2 nm giving Coulomb diamonds at room temperature operation (Fig. 3). Within
the talk an overview about the applied technology, from basics towards application, in
terms of beyond CMOS device fabrication is given.
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Fig. 1: FE-SPL principle of operation

Fig. 2: Mix & match lithography combin-
ing incorporating active cantilever systems
[1]. Due to �eld emission scanning probe
lithography (FEthe combination of imaging
and lithography a SPL) and standard elec-
tron beam lithography closed loop lithogra-
phy is enabled. (EBL) within the same resist
layer.

Fig. 3: Single electron transistor (SET) devices fabricated by mix & match optical lithog-
raphy and FE-SPL, cryogenic plasma etching and pattern-dependent oxidation. [4]
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Single electron transistor (SET) devices are promising as post-CMOS era technology
due to their small energy consumption and high switching speed. This opens up the
possibility to build low- power and high-density integrated circuits. A bundle of methods
for their fabrication was introduced, e.g. by chemical assembly of molecules combined
with electron beam lithography, optical lithography with subsequent thermal oxidation,
extreme ultraviolet lithography, atomic force microscopy based placement of carbon nan-
otubes, building heterojunctions or using metallic grains or nanoparticles [1, 2]. However,
these methods mainly rely on a statistical arrangement and thus exhibit low reproducibil-
ity.
Here, we are introducing the fabrication of SETs by mix and match lithography (optical
and �eld emission scanning probe lithography (FE-SPL)), subsequent cryogenic etching
and thermal oxidation patterning [1]. Therefore, SOI samples are pre-structured by op-
tical lithography de�ning contact pads and the centered patterning area. A 15 nm thick
resist �lm is spin-coated onto the sample. By FE-SPL the SET device is de�ned. FE-
SPL, which is based on thermally actuated, piezoresistive cantilever technology (�g. 1
left) allows imaging, inspection, alignment and patterning of features in the range of
single-nanometers [2] while �elds of up to 200µm × 200µm can be written. Thus, the
full �eld consisting of four SETs and their connections to the contacts is written within
a single patterning process. An overlay alignment and stitching accuracy in the range
of single-nanometres were demonstrated [3]. The alignment of the pattern with contacts
and line quality are counterchecked directly after lithography using the same cantilever.
In the subsequent plasma etching process the resist works as local protection mask. In
order to obtain optimal pattern transfer results plasma etching of silicon at cryogenic
environment is applied. Fig. 1 (middle) shows an AFM image obtained after etching of a
�eld with 4 SETs and their connections to the contacts.
A pattern-dependent thermal oxidation step is applied afterwards at Imperial College
London (ICL) for quantum dot de�nition and, subsequently, SETs are electronically char-
acterized (at ICL). Coulomb diamonds were identi�ed at room temperature. The e�ective
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quantum dot size calculated from these measurements is ranging below 2 nm. Di�erent
layouts were tested and optimized regarding gate leakage.

Fig. 1: (left) Scheme of �eld-enhanced, current-controlled SPL method (middle) Scanning
electron microscopy (SEM) image of etched �eld with 4 SETs and connections to the
contacts. (right) SEM of SET with dot layout.
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Our recent report [1] growth and application of Boron-Enhanced Carbon Nanowalls
(B:CNWs) as biosensors was shown. The B:CNW samples were deposited by the mi-
crowave plasma assisted CVD using a gas mixture consisting of H2, CH4, B2H6 and N2.
The time of growth was 4, 7 and 6h for B-CNW-1.2k, B-CNW-2k and B-CNW-5k, respec-
tively. All samples were doped by using diborane (B2H6) as acceptor precursor. [B]/[C]
ratios in plasma were 1.2k, 2k and 5k ppm resulting in various content of boron incorpora-
tion into nanowalls. To investigate morphology of deposited samples the high-resolution
scanning electron microscope was used. The left hand side of Figure 1 is showing the sur-
face morphology of obtained B-CNW samples. For all deposited samples obtained walls
are nearly straight which is di�erence with others reports showing maze-like CNW. As
can been see the in�uence of boron presence has signi�cant impact on wall length and
quantity. The average length of walls for sample B-CNW-1.2k is approximately 1.5µm,
and decreases with increasing boron level in gas phase, obtaining length below 500 nm for
B-CNW-5k sample. At the same time, the quantity of walls resulting in denser �lm e.g.
B-NCD-5k. This can lead to increasing speci�c capacitance due to increasing amount of
small pores between nanowalls. On the other hand, the boron has also in�uence onto the
�lm thickness (right panel of Figure 1). To achieve the same thickness of the di�erent
doped �lm, the times of deposition varies highly. Even a small change in gas phase can
almost double the deposition time. This phenomena shows direct impact of boron atoms
on growth kinetics during MWCVD process. The growth process of CNW in presence of
nitrogen involves H, CHx, and CN radicals [2].
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Fig. 1: The HR-SEM images of B-CNW vs. various boron doping level ([B]/[C]: 1.2k,
2k and 5k ppm): (left) top-view morphology, (right) cross-sectional micro-images with
speci�c wall thickness

The boron incorporation level in diamond lattice is con�rmed by the correlation of
its composition in the gas phase (see Figure 2) with boron content as determined exper-
imentally by LIBS or XPS. Positively, the re-nucleation processes proving shorten walls,
which results in higher speci�c surface area, while larger boron concentration produces
more carriers / acceptors enhancing electrochemical performance of nanowalls, as will be
shown later on
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Force experiments using optical tweezers, magnetic tweezers and atomic force mi-
croscopy (AFM) are widely used to probe adhesive and mechanical properties of materials
at the nano and molecular scale [1]. Physicists and chemists study molecular mechanisms
of surface interactions, biologists investigate processes of protein unfolding and ligand
dissociation, and engineers are interested in practical aspects of nanocontacts for con-
struction of micro- and nanodevices. AFM has become the most familiar tool applied for
studying the mechanical properties and adhesion of nanometer-sized contacts. Its major
advantages over competing techniques are: direct way of force measurements, simplicity
of sample preparation (biological samples can be studied under near-physiological condi-
tions), imaging capability and many others. In the force spectroscopy mode, the AFM
tip approaches the sample surface and subsequently retracts while the force is measured.
From the retracting part of the force-displacement curve, it is possible to detect adhesion
and mechanical e�ects like molecular conformational changes.
Models based on Kramers' theory for bond dissociation rates [2] show that association and
dissociation rates of a bond depend on the shape of the tip-sample interaction potential,
from which both rates can be extracted. Thus, the interaction potential determines not
only the strength of interactions but also their kinetics. The conventional way to recon-
struct a tip-sample interaction potential from force-distance curves would be to integrate
the force times the distance covered by the tip retracting the sample surface. Unfor-
tunately, this approach will not allow full reconstruction of the tip-sample interaction
potential due to instabilities, which occur during the contact formation between the tip
and sample. Therefore another method is applied. Measuring the bond rupture force (or
adhesion force) over a range of loading rates, i.e., performing the so-called dynamic force
spectroscopy (DFS) measurements, and using a model of thermally activated unbinding
(Bell-Evans model [3, 4] or Dudko-Hummer-Szabo model [5]), provides a way to determine
such parameters as the kinetic dissociation rate constant, the position and height of the
activation barrier. An example of DFS data for receptor-ligand interactions is shown in
Figure 1. The idea of the models of thermally activated unbinding (treated as an escape
from the potential well) facilitated with an external force is presented in Figure 2.

During my talk I will discuss various interpretations of DFS data, including those
assuming the existence of an inner barrier in the interaction potential and rebinding pro-
cesses [6]. I will also present the idea and some results of simulations of single molecule
stretching performed with the steered molecular dynamics method. I hope that my talk
will contribute to better understanding of the issue of single-molecule interactions and
the interaction potential reconstruction and will prevent misinterpretations of force spec-
troscopy data.
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Fig. 1: DFS data (i.e. the dependence of the unbinding force on the loading rate) for
the concanavalin A-carboxypeptidase Y complex showing two regions (1 and 2) for low
and high loading rates, respectively. The relation was �tted with the Bell-Evans model �
separately for two regions, 1 and 2 (blue dash lines) � and with the Dudko-Hummer-Szabo
model applied only to region 2, i.e. for loading rates larger than 2̃ · 104 pN/s (red solid
curve).

Fig. 2: Conceptual one-barrier interaction potential and its deformation induced by ex-
ternal force
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Recently, metal matrix nanocomposites have been widely used due to their availability
and commercializing the manufacturing process. Among them, Cu-Ag nanocomposites
have attracted great attention in the community of microbiology �eld. It has been well
established that copper and silver can destroy the bacterial cell wall resulting in bacte-
ria's death and thus, prevention from in�ammation. Since this type of nanocomposites
intensi�es the antibacterial e�ect owing to the large interfacial contact area with the bac-
teria, it can �nd applications in medical devices and body implants. However, the most
important conditions for proper use of materials in medical applications are to possess
high yield strength and lack of presence of plastic deformation. Therefore, the deforma-
tion mechanism of these materials is important. Since the variations in the properties of
these materials result from the changes in the atomic scale, molecular dynamics (MD)
simulation method can be implemented to survey the phenomenon successfully. Hence,
in the present research, copper matrix nanocomposites reinforced with spherical silver
nanoparticle are examined using MD simulation. Accordingly, to study the deformation
mechanism, the samples are studied under uniaxial tension test at the room temperature.
In the next step, to capture the role of spherical voids on the deformation mechanism and
thus, mechanical properties, some spherical voids are created within the bulk matrix and
then, tensile tests are repeated to compare the results with the perfect sample.
The results reveal that presence of silver nanoparticles in the copper matrix causes a
mismatch strain in the interface resulting from the di�erent atomic radius of Cu and Ag.
Hence, with increasing the local stresses in this zone, a signi�cant number of edge and
screw dislocations nucleated in this area. Since the perfect dislocations in a material with
the grain size of bigger than 10 nm, follow partial sliding and dividing into partial dislo-
cations, the stacking fault areas will be formed between two divided partial dislocations.
These stacking fault areas can decrease the material instability during the tensile defor-
mation. On the other hand, the presence of voids as structural defects in the material
bulk can increase the stress concentrations in their wall. This phenomenon makes voids
to be the preferred areas for the formation of dislocations. The results obtained from the
stress-strain curve shows that the void formation in the bulk causes a signi�cant decrease
in the yield strength, elastic modulus and fracture strength of the sample. Also the pres-
ence of voids can accelerate the fracture process drastically.
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Measurement of both techniques is based on interaction of probe and the sample and
thanks to very sensitive detection system is possible to measure very small forces (starting
at 0,1 pN for single molecules deforming, break of the chemical bonds, ending by tens of
nano newtons for cell deformations). Optical tweezer covers to lower range of this forces,
upper limit is de�ned by laser power and is several hundred of pN.

72



O-20

Quantitative characterization of the speci�c interactions of
syndecans for cancer diagnosis with the dynamic force

spectroscopy

K. Herman1,2,∗ J. Danilkiewicz2, J. Pabijan2, A. Ptak1, M. Lekka2

1Institute of Physics, Poznan University of Technology, Piotrowo 3, 60-965 Poznan,
Poland

2Laboratory of Biophysical Microstructures, The Henryk Niewodniczanski Institute of
Nuclear Physics, Polish Academy of Sciences, Radzikowskiego 152, 32-341 Cracow,

Poland
*katarzyna.p.herman@doctorate.put.poznan.pl

Keywords: syndecan, bladder cancer cell, force spectroscopy, DFSs

Receptor-ligand interactions play a crucial role in various aspects of living systems,
and have been applied in medicine and biotechnology. Ligands can be molecular objects
from ions to small molecules to peptides or proteins. The interaction of the receptor pro-
tein with a ligand leads to formation of various molecular complexes whose type, property,
and the distribution on cell surface determine the strength of adhesion [1]. Multiple recep-
tors present in a cell membrane mediate a great number of versatile interactions with the
extracellular matrix (ECM). Syndecans are a family of transmembrane heparan sulphate
proteoglycans with ectodomains modi�ed by glycosaminoglycan chains. The ectodomains
can interact with di�erent molecules, including cytokines, proteinases, adhesion receptors,
and ECM components [?]. Importantly, they can act as co-receptors of other cell surface
receptors like growth factor receptors and integrins. In this context, syndecans can bind,
immobilize, concentrate, and induce conformational changes in growth factors and other
signaling molecules via their heparan sulfate chains, thus facilitating their receptor inter-
action [4, 5, 6]. In some cancers, syndecans expression may regulate tumor cell function
and serve as a prognostic marker for tumor progression. Low expression of syndecan-1 in
tissue is related with a bad prognosis in head and neck cancer. In turn, high syndecan-1
expression correlate with negative predictions in lung cancer [7]. The aim of this work is
the quantitative characterization of the unbinding processes of syndecans (1 and 4) with
suitable monoclonal antibodies, vitronectin and living cells in di�erent stage of cancer
mutation. Human bladder cancer cells originated from non-malignant epithelial cells of
ureter (HCV29), malignant grade 2 (HTB9), grade 3 (HT1376) and transitional (T24)
carcinoma were studied. Single molecule force spectroscopy was performed using Force
Robot (JPK) and Nanowizard 4 (JPK) heads depending on a type of the sample. Dynamic
force spectroscopy measurements were carried out for various values of the separation rate
ranging from 0.1 to 19.0 µm/s for syndecan-antibody and syndecan-vitronectin interac-
tions and from 0.5 to 20.0 µm/s for syndecan-bladder cancer cell interactions. The most
probable value of adhesion force of every unbinding process was determined for each sep-
aration rate. Subsequently, Worm Like Chain model was used to identify speci�c binding
and to obtain loading rates enabling to reconstruct pro�le of energy landscapes of ex-
amined complexes. The dependence of the speci�c adhesion force on the loading rate
was obtained and analyzed with two thermal activation models: the Bell-Evans and the
Dudko-Hummer-Szabo (DHS) model for quantitative characterization of the speci�c in-
teractions
citeherman8. DHS model provides information about the position and the height of acti-
vation barrier ∆G. Our research show that the unbinding properties of similar molecular
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complexes di�er in distinct bladder cancer cell lines indicating their alterations linked
with cancer progression.
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Since development of atomic force microscopy, there was necessity to calibrate response
of its crucial elements � the cantilever spring constant and sensitivity of the detector.
Today most of the cantilevers used in AFMs are provided with the value of nominal
spring constant and range, which can be oven more than 100 % of the nominal value. This
makes quantitative force investigations di�cult. Very common solution is to perform two
calibrations in AFM. First an Inverse Optical Lever Sensitivity [1] is calibrate by pushing
the cantilever against hard surface and record both piezoelectric scanner extension and
AFM signal. After this second thermal noise method is used to estimate cantilever spring
constant. This method has the drawback that it prone to error propagation.

A solution is to use a device called piezosensor transfer standard [2]. This solution
was used to transfer an absolute force standard, the NIST electrostatic force balance
(EFB) to the AFM. We have developed an virtual reference standard device by enclosing
a piezoresistive cantilever with Lorentz loop into a special brass or stainless steel holder,
where we added a powerful neodymium magnet (Figure 1). The device is the compact
and for full operation it requires only an accompanying electronics. In such con�guration
this sensor is not only capable of purely serving as de�ection sensor, but it can be also
used to exert known force to the investigated cantilever. This is done by the means of the
Lorentz force exerted at the end of the cantilever:

−→
F L(t) =

−→
I ×
−→
B · L (5)

This gives us ability to precisely calibrate the AFM InvOLS and unknown cantilever
spring constants. Moreover this sensors is calibrated to be a de�ection even for sub-
nanometer resolution. This is done by precise SIOS Nano Vibration Analyzer with our
custom software. We have investigated cantilevers to be applied as virtual de�ection
references with spring constants ranging from 1 N/m up to 400 N/m.
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Fig. 1: ) Image of the proposed elec-
tromagnetic, piezoresistive virtual reference
standard within stainless steel holder and
neodymium magnet on screw

Fig. 2: SEM image of the piezoresistive can-
tilever used as virtual reference
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Endothelium is a tight monolayer of cells that lines the luminal side of each blood
vessel [1]. Due to its location, endothelial cell are directly exposed to pro-in�ammatory
factors as well to variations in the biochemical parameters of blood like hyperglycemia
that is accompanying diabetes. Endothelium has a crucial role in the regulation of ar-
terial tone and blood �ow. It has a unique ability to convert mechanical stress induced
by blood �ow into biochemical response, in particular, into the release of NO, which is
the main vasodilator. This unique feature of the endothelium is strongly related to the
nanomechanical properties of the endothelial cells.

In this talk, we will demonstrate that atomic force microscope (AFM) is a valuable
tool for studying nanomechanical properties of the endothelium [2]. First, we will describe
the general principle of using AFM as a nanoindenter for probing the Young's modulus
of individual endothelial cells and for the determination of the properties of the delicate
endothelial glycocalyx surface layer. By means of this method we were able to evaluate
the nanomechanical changes of endothelium in both in vitro end ex vivo experiments. In
particular, in vitro AFM based nanoindentation was used to reveal a two-step response
of the endothelial cells to in�ammatory factors (TNF, IL6, LPS) [3] or to observe the
sti�ening of the endothelial cells in hyperglycemia and the development of the so called
sti�ness memory e�ect [4],[5]. Recent, ex vivo study of endothelium from db/db mouse
aorta (an animal model of human type 2 diabetes) enable to quantitatively evaluate the
changes in glycocalyx degradation in diabetes progression.
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The extracellular matrix (ECM) provides not only mechanical sca�old within which
cells are embedded but strongly participates in various cellular processes, including mor-
phogenesis, di�erentiation or migration. It is crucial for maintaining tissue homeostasis
which abnormal alterations lead to various diseases including cancer. The ECM alone
is not a homogenous structure but, oppositely, its heterogeneous character is de�ned by
distinct �brous and non-�brous components that interact with cells through surface recep-
tors called integrins [1]. This interaction underlies all mechanisms playing an important
role in cell functioning, such as adhesion, migration, neural development, wound healing
and angiogenesis, as it transfers signals from the ECM into the cell. Altered expression
and functional status of integrins is also associated with such pathological processes as
metastasis. Immunohistochemical studies have shown that normal human urothelium ex-
presses integrins α3, αV, β1, β4. Their presence in the urothelial basement membrane
provides the molecular basis for the impermeability of the bladder wall. The expression
of integrins in bladder cancer is aberrant and downregulated, with a progressive loss of
its expression from the normal urothelium to invasive bladder cancer [2],[3].

In our studies, by using atomic force microscopy (AFM), both cellular deformabil-
ity and adhesive properties of two human bladder cancer cells were quanti�ed. Cells
originated from non-malignant cell cancer of ureter (HCV29) were signi�cantly sti�er as
compared to cells derived from bladder cancer carcinoma (HTB-5). Independently of
the cell type, these cells display distinct elasticity in response to ECM protein studied
i.e. laminin, collagen and vitronectin. Changes were more prominent for non-malignant
cells characterized by well-di�erentiated actin cytoskeleton while cancerous cells seem to
be insensitive to surrounding ECM proteins. Alterations in mechanical properties were
accompanied by changes in cellular adhesiveness as revealed through single cell force spec-
troscopy (SCFS) approach. Here, a single cell, either non-malignant or cancerous one,
was used as a force probe to study cell's ability to adhere to surfaces coated with the
corresponding ECM protein. In summary, the obtained results enabled to get insight
into mechanisms of single cell adhesion � the e�ective adhesion force showed broad dis-
tributions indicating that, despite the presence of single e�ective bonds, cellular adhesion
contains signi�cant contribution originating from unbinding of clusters. It seems that
the statistically relevant di�erence between non-malignant and carcinoma cells was ob-
served as a number of rupture events corresponding to the number of single bonds formed.
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Antibacterial agents are undoubtedly one of the greatest inventions of modern medicine.
Due to the development in the �eld of e�ective elimination of bacteria, it was possible to
greatly reduce mortality from bacterial infections. Previously abundant in everyday life
and during most of the medical procedures, they are now manageable. The �rst insights
into the inhibition of microorganisms proliferation has started with the work of Paul
Ehrling at the beginning of 20th century. Since then, the mechanism of action of many
antibacterial molecules has been uncovered. Because of metabolic tracts modi�cation or
changes in molecular processes, therapies are not so e�ective. The bacteria are becom-
ing more resistant to antibiotics. The widespread use of antibiotics in medicine and
cultures led to the rapid evolution of the bacteria resistant to many antibiotics, including
vancomicyne - the antibiotic of last resort, which slowly ceases to be e�ective for some
bacteria strains.[1] The growing usage of naturally occurring antimicrobial peptides,[2]
�avonoids[3] or even bacteriophages[4] gives the hope for novel antibacterial treatments.
One of the most promising approaches is to establish a molecule that will
change the mechanical parameters of the lipid membrane of bacteria, leading
to the profound destabilization or membrane disruption by changing their mechanical
properties. It is a very advantageous solution because the cell has a little possibility of
creating resistance to mechanical attack. Molecules able to act as a sharp edge cutting
molecularly and selectively the bacterial membranes are hard to be developed. To create
this form of attack on the cell, it is necessary to �nd mechanical parameters that could
indicate the e�ectiveness of used "molecular knife" destabilizing lipid membrane of the
bacteria. There are literature indications that certain particle-bilayer interaction or loca-
tion of particle in bilayer after incorporation could be such a parameter.[5] There is also
an original idea that lateral pressure caused by incorporation of particle into lipid bilayer
could be such a parameter. This parameter is particularly important in the context of the
second proposed mechanism of destabilization of the membrane. The increase in pressure
within the membrane and, consequently, an increase of bilayer stress, with a consequent
disruption observed on liposomes [6] or micelles[7], is, however, not describing the molec-
ular tool, but only the phenomena on the target sample. This eliminate the possibility
of massive direct comparison between di�erent molecules, being the fundament of high
throughoutput screening (HTS) method.

Here we propose the new virtual screening approach focusing on mechanical prop-
erties of the used molecule, derived from quantum mechanical (QM) calculations and
con�rmed numerically by enhanced massive docking (EMD) analysis. Such an approach
may eliminate the use of molecular dynamics methods being a high-consuming in time
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and in resources. Obtained results on a set of well known antiseptic agents , between
them octenidine, chlorhexidine, alexidine and PVP-iodine, con�rm the high antibacte-
rial potency of gemini surfactants. We expect, that proposed procedure will simplify the
characterization of mechanical properties of biologically active molecules. Not without
a signi�cance is also the fact that the staple form of the molecule structure has an im-
pact on the speed of integration into the cell membrane. Only a detailed understanding
of the molecular mechanisms governing the selectivity and the destabilization of the cell
membrane will allow for the e�ective development of the optimized molecules with highly
specialized antiseptic properties.
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Despite continuous e�orts in research and outgoing advances in its diagnosis and treat-
ment, cancer still remains one of the most deadly diseases. The development of various
biochemical and biological methods increases the chance to detect cancer. In past decades,
single cell biomechanics has gained large signi�cance since certain diseases are known to
manifest in alterations of mechanical properties of cells. Nowadays, one of the emerging
directions is to correlate cellular biomechanics with biochemical and biophysical proper-
ties of single cancerous cells. In the presented study we have assumed that changes in the
cell surface biochemical composition are correlated with alterations in their mechanical
properties. It is suggested that changes in chemical composition, cell morphology and
elasticity will depend on the stage of tumor progression [1]. As a model, seven melanoma
cell lines derived from various stages of cancer progression were chosen and their proper-
ties were compared with the primary human melanocytes.
Atomic Force Microscopy (AFM) has become a well-established method in the research
of biological materials ranging from single proteins to living cells as it allows not only
for the topography measurements but it enables also the analysis of the elastic properties
of various materials, including cells. By means of AFM, the nanomechanical proper-
ties of individual melanoma cells were investigated. The di�erences have been quanti�ed
through the Young's modulus. To study biochemical alterations at the single cell level,
Time-of-Flight Secondary Ion Mass Spectrometry with its high transmission and mass
resolutions was successfully employed [2]. As SIMS experiments have to be carried out
in the vacuum conditions, biological samples require appropriate treatment. That is why
the sample preparation protocol was developed [3]. Subsequently, high resolution mass
spectra were collected for each melanoma cell line and analyzed by means of Principal
Component Analysis (PCA).

Acknowledgments
The work has been �nanced by the NCN project no DEC-2013/11/N/ST4/01860. JB is
grateful to Polish National Science Center (NCN) for the �nancial support of the ETIUDA
scholarship no DEC-2015/16/T/ST4/00358.

References

[1] J. Gostek, K. Awsiuk, J. Pabijan, J. Rysz, A. Budkowski, M. Lekka � �Di�erentiation be-
tween Single Bladder Cancer Cells Using Principal Component Analysis of Time-of-Flight
Secondary Ion Mass Spectrometry�; Analytical Chemistry (2015) 87(6): 3195�3201

[2] J. Bobrowska; J. Mo�at; K. Awsiuk; J. Pabijan; J. Rysz; A. Budkowski; M. Reading; M.
Lekka, � �Comparing surface properties of melanoma cells using time of �ight secondary ions
mass spectrometry�; Analyst (2016) 141: 6217-6225

85



O-24

[3] J. Bobrowska, J. Pabijan, J. Wiltowska-Zuber, B.R. Jany, F. Krok, K. Awsiuk, J. Rysz, A.
Budkowski, M. Lekka � �Protocol of single cells preparation for time of �ight secondary ion
mass spectrometry�; Analytical Biochemistry (2016) 511: 52-60

[1] J. Gostek, K. Awsiuk, J. Pabijan, J. Rysz, A. Budkowski, M. Lekka � �Di�er-
entiation between Single Bladder Cancer Cells Using Principal Component Analysis of
Time-of-Flight Secondary Ion Mass Spectrometry�; Analytical Chemistry (2015) 87(6):
3195�3201 [2] J. Bobrowska; J. Mo�at; K. Awsiuk; J. Pabijan; J. Rysz; A. Budkowski;
M. Reading; M. Lekka, � �Comparing surface properties of melanoma cells using time of
�ight secondary ions

[3] J. Bobrowska, J. Pabijan, J. Wiltowska-Zuber, B.R. Jany, F. Krok, K. Awsiuk, J.
Rysz, A. Budkowski, M. Lekka � �Protocol of single cells preparation for time of �ight
secondary ion mass spectrometry�; Analytical Biochemistry (2016) 511: 52-60

86



O-25

Mechanoevolution of Escherichia coli bacteria under
nanomechanical stress

K. Matuªa1,∗, �. Richter1, A. Silesian2,
N. Derebecka2, J. Wesoªy2, M. Grzeszkowiak3, B. Pepli«ska3, E.

Wyroba4, J. Paczesny1, R. Hoªyst1,

1 Institute of Physical Chemistry PAS, 44/52 Kasprzaka, 01-224 Warsaw, Poland
2 Faculty of Biology, Adam Mickiewicz University, 89 Umultowska, 61-614, Pozna«,

Poland
3 Nanobiomedical Centre, Adam Mickiewicz University, 85 Umultowska, 61-614,

Pozna«, Poland
4 Nencki Institute of Experimental Biology PAS, 3 Pasteur Street, 02-093 Warsaw,

Poland
*kmatula@ichf.edu.pl

Keywords: nanomechanical stress, mechanoevolution, Escherichia coli, ZnO nanoparti-
cles

Bacterial evolution under antibiotic pressure is currently the topic of great importance,
as only recently strains resistant to all known available drugs emerged. Nanoparticles are
still believed to be promising remedy. Here we unravel a physical mode of action of
nanoparticles. We show that bacteria Escherichia coli, exposed to sharp ZnO nanorods,
evolve in 72-hour experiment by developing mechanical resistance. The pressure exerted
at the bacterium is from 0,3 to 100 MPa. Microscopic studies (TEM, SEM with EDS,
cryo-SEM, confocal microscopy) revealed that resistant bacteria change their shape from
rod-like to spherical and develop thicker and more dense cell wall (Fig.1). We identi�ed
around 30 point mutations in genome and changes in gene expression pro�le of bacteria
exposed to nanorods.

Fig. 1: a-b) 3D model of surface of cicada wings; c) sharp nanorods of ZnO , d) rounded
ZnO nanoparticles; and transmission electron microscopy (TEM) and cryo-scanning elec-
tron microscopy (Cryo-SEM) of control cells of E. coli (control) and cells after exposure
to ZnO nanorods (NR).
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One of main issues related with the thermal nanometrology is the quantitative in-
terpretation and reliable calibration of the thermal tip response [1, 2]. Moreover, the
quantitative measurement of temperature at nanoscale can be performed only when the
propagation of the heat from the tip to the sample and back to the cantilever is known.
In this paper we present the updated design and technology of Si/Si3N4 micro calibration
stage equipped with Pt microheaters [3]. This new design consists of 500 nm thick MEMS
structure with 2 independently controlled microheaters with four point connections and
improved thermal isolation. It allows for precise control of the temperature dissipation
and a contact between surface and tip of cantilever. Localization on thin, low thermally
conductive membrane minimizes the heat transfer to the bulk silicon. In order to increase
mechanical stability of the structure, the membrane is supported by the tip. Structure
sti�ness is increased which allows for characterization of relatively sti� (30-70 Nm−1)
piezoresistive scanning thermal microscopy probes. The small size and spatial arrange-
ment of independent heaters allows for the controlled heat �ow in the membrane and
measurements of the temperature distribution. Moreover, dedicated heat sinks located
on the membrane decreases the heat transfer to the body of the chip. In the full paper, the
manufacturing technology including MEMS surface micromachining is described. The re-
sults of eletcro-themo-mechanical characterization of this new stage and comparison with
FEM modeling are also presented. Quantitative analysis of selected SThM probes with
developed stage is discussed.
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Fig. 1: New layout of the calibration structure (left) results of electrothermal FEM simu-
lations (right)
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Introduction Tungsten and boron compounds belong to the group of superhad mate-
rials and their hardness could exceed 40 GPa [1]. Moreover, these materials could be even
harder when they are deposited in the form of a layer [2]. In this study the characteriza-
tion of microstructure, chemical composition and mechanical properties of the tungsten
borides layers deposited by laser pulse and magnetron are presented.
Materials and methods
All layers were deposited from the same target with the boron to tungsten ratio of 2.5.
Properties of this target are presented in [3]. During pulsed lased deposition (PLD) the
Nd:YAG laser (Quantel YG 981 E10) with a wavelength of 355 nm, repetition rate of 10
Hz and pulse duration of 10 ns was used. The spot area was 3.5 mm2 and density of laser
radiation (�uence) was 5 J/cm2. In the magnetron sputtering (MS) process the power
supplied to the magnetron cathode was 60 W and process occurred in argon pressure of
9.8 · 10−3 mbar (gas �ow of argon was 19.2 mL/min).
SEM and TEM images were taken by Hitachi SU-8000 and JEOL JEM-2100, respectively.
XRD measurement were made with the use of Bruker D8 Discover (Cu radiation source,
1.5418 Å). Nanoindentation tests were carried out with diamond Vickers tip under the
load of 10 mN. Hardness was calculated using the Oliver-Pharr method.
Results and discussion
Pulsed laser deposited layer has droplets on its surface and the droplets size varied from
tens nm to several µm. The process of droplets formation was registered by ICCD camera
and showed that droplets were ejected after the plasma plume had stopped interacting
the target surface (about 2000 ns after laser pulse) and droplets ejection ended after 6
µs. This observation makes it easy to see that the application of the rotary shading could
allow to deposit homogenous and smooth PLD layers without any debris on its surface.
Further analysis of PLD layer shows that it has nanocrystalline microstructure and hexag-
onal WB3 phase with cell parameters a = 5.200 Åand c = 6.313 Å. Nanoindentation test
shows that layer has a hardness of 47 GPa.
Layer deposited by magnetron was very smooth (Ra = 0.002 µm) and had columnar
microstructure with column diameter of about 40 nm. XRD di�raction pattern of layer
deposited by magnetron has only one di�raction line, positioned at 28.8o2θ. TEM anal-
ysis (�gure 2) allow to determine phase composition and cell parameters of the layer.
Magnetron sputtered layer has hexagonal α-WB structure with cell parameters a = 3.128
Åand c = 16.559 Å. Nanoindentation test shows that layer has a hardness of 70 GPa under.

Summary In this work WB3 layer was deposited by laser pulse and α−WB layer was
deposited by magnetron. Both WB3 and α-WB layers were superhard. In the examined
parameters range the magnetron sputtering leaded to the deposition of layer with signi�-
cantly lower boron content than layer deposited by PLD. Still, magnetron deposited layer
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Fig. 1: Selective area electron di�raction of the layer deposited by magnetron with sput-
tering power of 60 W

had better mechanical properties because it is more homogenous, smooth and harder than
layer deposited by laser pulse.
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To keep up with Moore's prophecy in future the critical dimensions of transistors
must further shrink in size. In this context, we use �eld emission scanning probe lithogra-
phy (FE-SPL) to generate nano-scaled features in 10 nm resist layers. This lithographic
method is well explained in a previous publication [1]. Several groups are working on the
�eld of selective pattern transfer of nano-scaled features. With 30 nm resist (ZEP520)
selectivities of about 10 were achieved [2]. In terms of FE-SPL we require resist layers in
the range of 10 nm in order to be able to generate single nano digit features. Herein, the
challenge is to provide a pattern transfer of features into silicon giving practical selectivi-
ties, process control and etching depths for device manufacturing. In a cryogenic plasma
etching where the sample is cooled down to so called cryogenic temperatures (< -100o), a
lateral etching is e�ectively suppressed due to in-situ formation of a SiOxFy passivation
�lm. Since the SiOxFy �lm is not stable at room temperature. The generated passivation
layer stops the etching process of silicon in both, vertical and horizontal, direction. Low
energy ions generated within the plasma are accelerated towards the sample surface and
remove the bottom passivation layer. The etching process through �uorine in lateral di-
rection can resume, whilst etching in horizontal direction is still suppressed [3].
The generated patterns were transferred by plasma etching using SF6/O2 chemistry at
cryogenic temperatures (-120oC). These patterns were analyzed by scanning electron mi-
croscopy and atomic force microscopy. Thus, we have fabricated 60 nm deep trenches in
silicon. To achieve this, we spun 10 nm calixarene molecular resist on a silicon sample.
Lithography was done by FE-SPL, wherein low energy electrons are applied for exposure.
Positive-tone, development-less patterning leads to a direct feature formation without the
requirement of further development steps. AFM and SEM images, �gure 1a) and b), L-
shaped test features shown the fabricated nano-features after lithography and cryogenic
plasma etching. In �gure 1c) the cross-section of the upper part (marked by the red line
in a) is shown. As revealed, we were able to produce 60 nm deep trenches resulting in a
selectivity (Silicon to resist) of about 6:1. As a result of our study a novel path towards
single digit nano fabrication is demonstrated combining �eld emission scanning probe
lithography and cryogenic plasma etching.
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Fig. 1: (a) AFM topography image and (b) SEM images and (c) pro�le graph of etched in
silicon (60 nm deep) test pattern written with FE-SPL in 10-nm thin calixarene molecular
resist. [4]
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In presentation the professional Electron Beam Lithography solution developed by
Raith company will be brie�y described. Experimental results showing the utility of
the simplest system (ELPHY Plus family) for automatic control and characterization of
micro-mechanical structures will be clearly demonstrated.
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Deliberate designing and fabrication of i3Dp microsystems require knowledge on main
properties and limits of the i3Dp technique. A comparison of the properties of various
models of inkjet 3D printers from the point of view of microstructure fabrication is carried
out (Fig. 1(a), 1(b)). Nominal resolution and accuracy as well as the mapping quality of
microchannels, deformation of cross-section shape of the microchannels, change of dimen-
sion of printed structures, quality of printed surface and ability to fabricate embedded
microchannels are investigated �rst [1]. Designing rules that takes into account real pa-
rameters of the printers are next proposed. Important aspects are also mechanical (Fig.
1(c)) and optical properties as well as biocompatibility of the applied building material.

Conclusions from these works are that mechanical properties of printed microstruc-
tures are worse than declared by the building material manufacturer (tensile strength is
signi�cantly lower) and an "anisotropy" of these properties depending on relation between
direction of printing and orientation of applied force is observed. The printed microstruc-
tures are semi-transparent-optical detection is possible through thin walls. The auto�uo-
rescence of the polymer is not observed for main �uorescence inducing wavelengths. Thus
thin layers of the printed structures may be used as parts of the optical detection systems
in labs-on-a-chip structures.

According to results of mentioned above research works several labs-on-a-chip were suc-
cessfully fabricated and tested � spectrophotometric �ow-through chip [1], electrophoretic
chips (Fig. 2(a)), also as a novel modular approach, and lab-on-disc chip. Application of
inkjet 3D printing is also studied from the point of view of development of specialized chip
holders as an alternative technique to commonly applied precise mechanics. Knowledge of
mechanical properties of the building material enabled development of check microvalve
with a micro�ap sealing the valve seat (Fig. 2(b)) [2]. Last but not least, inkjet 3D print-
ing is used to develop pneumatic and �uidic circuits co-working with labs-on-a-chip and
MEMS-type sensors and pumps. As an example a platform for optical and mechanical
characterization of oocytes/embryos is presented (Fig. 2(c)). The platform, in spite of
the micro�uidic chip, contains also components (�uidic/pneumatic channels, miniature
pumps, pressure sensor) that enable precise control of the cell �ow and pressure-driven
deformation (micropipeting) of the cell.

During the presentation results of currently carried out investigations on actuation
methods in 3D printed microsystems as well as functionalisation of the printed microstruc-
tures will be presented.
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(a) (b)

(c)

Fig. 1: Exemplary results of geometrical and mechanical characterization of the test struc-
tures printed by Projet3000HD+: a) embedded microchannels dimensions, b) optical mi-
croscope images and pro�les of the cross-sections of open and embedded microchannels;
minimal diameter of the embedded microchannles is 250 µm, c) example of force-extension
curve for printed test structure, inside photo shows the structure after brake; tensile
strength is 26 MPa (declared by the manufacturer value is 45 MPa), Young's module is
0.5 GPa.
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Fig. 2: Examples of micro�uidic structures fabricated by us by inkjet 3D printing: a)
chip and chip holder for gel electrophoresis of DNA, b) check microvalves, c) integrated
platform for oocyte/embryo mechanical and optical characterization.
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The neglect of the inertia simpli�es description of the �ow. In the ideal non-inertial
world the electric analogy [1] can be applied to the analysis and the design of even com-
plex micro�uidic structures [2], [3]. This commonly applied approach utilises the fact
that stationary, viscous, laminar and incompressible �ow through regular pipe satis�es
the linear relation between the static pressure drop and volumetric �ow rate [4] (analogous
to Ohm's law). If the analogy to electric circuit is satis�ed, the analytical solutions pre-
scribing �uid �ow in micro�uidic networks can be derived from equivalent electric circuit
equations, which typically reduce to a system of linear algebraic equations [1].

Although the �ow through straight regular channel remains laminar for Re<2300, the
inertial e�ects (introducing non-linearities into equations), can appear in all non-regular
elements, even for moderate Re [5]. This constitutes limitation for linear electric circuit
analogy.

In order to study the limit of the linear approach, we used simple micro�uidic device
consisting of two identical junctions (Fig.1), which output arms form an internal rect-
angle. We conducted a series of experiments with devices consisting the same internal
rectangle, varying the angle of inlet and outlet channel. Equal �ows of a bu�er and the
indicator were injected into two inlets. The symmetry of the �ows due to the symmetry
of the device and the measurements of the concentration of the indicator in both outputs
allowed us to estimate the distribution of �ows in channels with high precision.

The results undoubtedly show that the ratio of �ows in two arms of the junction sig-
ni�cantly depends on Re, while according to electric circuit analogy should be constant
and �xed by the aspect ratio of the rectangle. Importantly our experiments show that the
�ow through the junction depends strongly on angles between channels This phenomenon
cannot be described or explained by simple electric circuit analogy, which treats a junction
as a point. The additional numerical simulations allowed us for e�cient investigations of
di�erent geometrical con�gurations.

Finally, we propose the mathematical model � the extension of the electric circuit
analogy which includes the e�ect of inertia and angles between channels. The knowledge
about the role of a geometry allows for a design of the micro�uidic junction, in which
sum of all non-linear elements in equations vanishes and the solution recovers its linear
character and independence from Re.
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Fig. 1: The idea of the experiment. The micro�uidicdevice consists of two identical joined
junctions forming a rectangle of sides: L1=16.67mm and L2=10mm and with aspect ratio
β0 = L2/L1 = 0.6. The height and width of all channels are 385 µm. We fabricated series
of di�erent devices keeping all geometrical parameters constant, except the angle of inlet
and outlet channels φ1 and φ2. Syringe pumps were used for setting the same rate of �ow
of water for both inputs. We used the addition of indicator to one of the input. As the
distribution of the indicator on outputs depends on the �ows Q1 and Q2, they can be
deduced from the measurements of concentration of indicator in outlets.
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Complementarity of the SPM and SEM techniques has been proved in last decades in
many di�erent �elds of applications. Novel approach of the correlative microscopy will be
present utilizing new SPM instrument LiteScope directly integrated into the SEM. Nen-
oVision introduce new tools for the nanoscience which extend the possibilities of nanos-
tructure characterization. Main advantages of the LiteScope combined with the electron
microscope will be shown on several applications. Unique technique of Correlative Probe
and Electron Microscopy (CPEM) will be presented and described with the examples of
on several cases.
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It was observed that heterogeneous materials bene�t from the best features due to the
mix of phases they are made of [1]. Taking an advantage of heterogeneity is the main
strengthening mechanism for modern multiphase steels, which are now developed. As a
rule, increasing strength level generally results in decreasing formability. However, trans-
formation induced plasticity (TRIP) steels show a better balance between strength and
formability and they are of particular interest for the automotive industry [2]. The excel-
lent mechanical properties of TRIP steels depend on both the multi-phase microstructures
and the martensitic transformation of the retained austenite.

A detailed description of the microstructure features of the TRIP steels is required
to investigate the correlation between the complex multiphase microstructure and the
exploitation properties. A hypothesis was made that description of the heterogeneous
microstructure of multiphase steels using RVE with implemented various microstructure
features, will allow to build the model with a capability to predict realistically the �nal
TRIP steel properties. Fig. 1 shows schematic illustration of the TRIP microstructure
and microstructure from simulation of bainitic transformation (b).The main objective of
the paper was formulated to prove this hypothesis. The initial microstructure of the TRIP
steels was developed using two approaches. The �rst was drawing schematic microstruc-
ture on the basis of micrographs. The second was obtained using simulations of bainitic
transformations using carbon di�usion based model, see [3] for the details of the model.

This paper describes a multiscale simulation method, factoring into a microstructure
of processed steel and dynamic structure accounting for phase transformations (TRIP-
e�ect). To optimize the required calculation and computing resources, a SSRVE (Statis-
tically Similar Representative Volume Element) concept [4] was applied. TRIP 700 steel
was reproduced in the SSRVE, which was subjected to di�erent deformation schemes.
Strain induced transformation of the retained austenite into martensite was simulated.
The following experimentally found mathematical relation [2] was selected to reproduce
the TRIP-e�ect:

νRA = νRA0 − 26.708ε− 0.003ε̇+ 53.516ε2 − 0.018εε̇− 1.06× 10−5ε̇2 (6)

where: νRA0 - initial volume of the retained austenite, ε, ε̇ - strain and strain rate, respec-
tively.

Results of numerical tests are shown in Fig. 2. Initial SSRVE in Fig. 2(a) was sub-
jected to the deformation of 10%. Properties of phases were taken from the literature.
Transformation of the retained austenite into martensite was calculated on the basis of
equation (1). Distribution of stresses in the SSRVE at the end of deformation is shown
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in Fig. 2(b).

After these numerical tests The SSRVE was attached to the FE code, which simulates
cold forging process. Simulations were performed and changes of the volume fraction of
the retained austenite in various points of the forging were calculated.
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(a) (b)

Fig. 1: a) Schematic illustration of the TRIP microstructure (a) and microstructure ob-
served using SEM (b).

(a) (b)

Fig. 2: a) Initial SSRVE � ferrite (white), retained austenite (green), bainite (red), a)
Stress distribution in the SSRVE after deformation of 10%.
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Doubly clamped beams with length lower than 300 µm, width lower than 50 µm and
mass on the order of 10 pg were used. To obtain nanobridges Si substrates with Si3N4

top layer were etched using RIE (reactive-ion etching) and KOH etching. Additionally
modi�cation with focused ion beam (FIB) was performed. Resonance frequencies for such
structures were measured using laser vibrometer at over 500 kHz with de�ection magni-
tude on the order of nanometers in the air[1].

Nanogranular Co-C piezoresistors were deposited using focused electron beam induced
deposition (FEBID)[1]. Using this technique high control over deposition process and
formation of sensing structures on the nanometer scale and in precisely chosen place
is possible. Resistors made of nanogranular composites typically exhibit tunneling or
variable-range hopping (VRH) conductivity and obtaining high gauge factor (GF) may
be possible[2].

During research di�erent external actuation methods were tested, such as piezostacks
and piezopills. To determine the best actuator for high frequencies measurements with
SIOS SP-S 120 vibrometer were performed. With necessity of sustaining vibration am-
plitude at over 500 kHz frequency 20 mm ceramic piezopill was chosen as most e�cient
actuator. For further calculations of sensing properties of the structures vibrations char-
acteristics were measured using laser vibrometer. Electrical measurements of resistance
changes of piezoresistors deposited on the edges of nanobridges were performed at reso-
nance frequencies of vibrations and gauge factor around 4 was calculated.
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Vibrometry is a well-known technique for the vibrations measurement of the Micro-
and Nano-Electro-Mechanical Systems (MEMS/NEMS). This technique allows to deter-
mine the parameters of the vibrating structures, like amplitude and resonance frequency
of the vibrations. Nowadays, high mass and force measurement resolution is needed,
so more often the Micro and Nano-Electro-Mechanical Systems (MEMS/NEMS) are ap-
plicable in laboratory investigations. Development of microelectronic technology and
progressive miniaturization of NEMS structures, allows to manufacture sensors, that are
capable to measure mass and force in femtograms and femtonewtons range. Despite many
advantages of NEMS structures, the NEMS sensors measurements are very troublesome,
because of their small dimensions, high resonance frequency (in the range of MHz) and
small de�ection amplitude (picometer range). It is therefore necessary to apply specially
metrology equipment, so this kind of measurements are performed only in a few labora-
tories in the Europe. The main aim of our investigations is metrology of NEMS devices
using Scanning Tunneling Microscopy (STM) methods and techniques. Because of high
sensitivity of distance measurements, the tunneling junction will allow to measure such
small amplitudes of vibrations. Additionally our STM system will be integrated into
Scanning Electron Microscope (SEM). This integration will allow observations of NEMS
structures and allow to precise positioning of the STM tip with respect to NEMS devices.
In our work we will present the newest vibrometry measurement results using STM. In our
investigations we are using custom-made scanning tunneling microscope including scan-
ning head and modular STM controller made by the Nanometrology group at Wroclaw
University of Science and Technology.
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Recently our team demonstrated that living organisms attached to an Atomic Force
Microscope cantilevers induce oscillations that re�ect their viability and their metabolism
[1],[2],[3],[4]. Our team demonstrated a possibility that homemade device can ful�ll all
the requirements to capture oscillations induced by living organisms. The device operates
with noise level similar or better than commercially available AFM, accommodates tra-
ditional AFM cantilevers and is extremely simple to operate. In addition the price of the
instrument is only a fraction of a traditional AFM. We are seeking to implement similar
devices in hospitals and research laboratories for rapid drug screening. There is a need
for a device that can be operated remotely in closed spaces, hence the development of a
motorized version of the device is desirable. This hardware can be easily upgraded with
software for automated alignment or drift correction. In this presentation recent progress
will be shown.

Acknowledgments
This work has been supported by Gebert Rüf Foundation Project GRS�024/14 and Swiss
National Science Foundation Grant Nr. 200021_144321.

References

[1] G. Longo et al., Nature Nanotechnology 8, 522�526 (2013), doi: 10.1038/nnano.2013.120
[2] S. Kasas et al., PNAS 112, 378-381 (2015); doi: 10.1073/pnas.1415348112
[3] P. Stupar et al., Mechanical Sciences 8, 23-28 (2017), doi: 10.5194/ms-8-23-2017
[4] P. Stupar et al. Clinical Microbiology and Infection 23 (6), 400-405 (2017), doi:

10.1016/j.cmi.2016.12.028

112



Low frequency noise detection system

�. Czykiel1, M. Gramala1,
M. Jakubiak1, T. Gotszalk1

1Nanometrology Division, Faculty of Microsystem Electronics and Photonics, Wroclaw
University of Science and Technology, ul. Janiszewskiego 11/17, 50-372 Wroclaw

Keywords: Nanometrology, Noise detection, Low frequency

The purpose of the project is to measure the noise of the piezoresistive levers in the
low-frequency range. This is important from the point of view of metrology since the
knowledge of the noise is signi�cant for interpretation of results. In the case of micro
piezoresistive levers, the �uctuations generated in the bridge structure a�ect the resolu-
tion of the lever de�ection, and thus the force acting on the lever. The detector is designed
to measure low-frequency noise, i.e. the so-called 1/f which occurs during static operation
of the lever. The occurrence of these noises on account of to the fact that in each resistor,
whose temperature is higher than absolute zero occurs electron movement, resulting in a
non-zero, voltage at the terminals of the resistor.
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Biological membrane is the crucial structural element of all living systems. The mem-
brane consists of its building blocks, which are mainly lipids and proteins. This complex
structure exhibits variety of behaviors driven by chemical, electrical and/or mechanical
phenomena. In order to quantitatively investigate biophysical processes taking place, the
arti�cial model membranes � lipid bilayer � are created composed of only one kind or a
few di�erent kinds of lipids. The physicochemical properties of such obtained lipid bilay-
ers depends on molecular composition and their thermodynamic state.
As it was mentioned initially, variety of phenomena, especially the mechanical ones, take
place within the lipid bilayers. This mechanical aspect is widely under investigation since
it is believed it plays critical role in whole cell functioning. Determination of mechanical
properties requires for instance in�nitely thin layer approximation, due to the parameter
being a macroscopic property. Based on Helfrich model [1] mechanically driven defor-
mations of lipid bilayer could help to designate these properties, and, according to the
theory, can be divided into three main types: dilation, shear and bending. Dilation defor-
mations occur only as an result of external pressure. Shear deformations depends mainly
on composition of lipid bilayer and interactions between lipids and other particles within
the bilayer. They are negligible in case of lipids in temperature above their transition
phase temperature, otherwise become an huge experimental and computational issue. Fi-
nally, bending deformations are driven by energy dissipation of water molecules and are
supposed to determine the shape and behavior of vesicle in equilibrium state. Parame-
ters describing mechanical properties are of very small value ranging from 10−22to10−19

J, which makes their measurements challenging and sophisticated. One of the latest ap-
proaches to determine mechanical properties of lipid bilayer is to measure external force
when deforming bilayer shape. For this purpose silica beads are encapsulated inside lipo-
somes, which are used to stretch bilayer locally with optical tweezers system. It allows
to calculate the shape deformations in response to external stretching [2]. Those shape
deformations can be then recalculated to external forces on lipid bilayer values.
In our study POPC Giant Unilammelar Vesicles (GUVs) were used to model lipid mem-
brane. Modi�ed electroformation procedure was used to obtain the samples. Speci�cally,
15 µl of 1 mg/ml POPC and 3 µm diameter silica beads (in ratio 15:2) dissolved in
methanol was deposited onto platinum electrodes. The organic solvent was evaporated
under reduced pressure for 1 h. Next, the electrodes were immersed in 150 mOsm sucrose
solution and exposed to the AC 1 Hz electrical �eld for 4 h in a polytetra�uoroethylene
electroformation chamber. Finally 150 mOsm glucose solution was added to induce vesicle
descend. The samples were moved to observation chamber and investigated using galvanic
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mirrors optical tweezers with sti�ness kn = (2 ·10−5) N/m. Samples were illuminated with
Nd:YAG 1064 nm 4W laser and visualized on 100x NA 1.3 objective with oil immersion
with High Speed CMOS camera Mikrotron MC1362. Obtained results provide a valuable
insight into mechanical deformations induced by external force generated at macroscopic
level.
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Polymers are the materials thought to be "materials of the future" due to their unique
properties. One of the most commonly used polymers is polyethylene which belongs to
the polyole�n class. This material is applied in many di�erent areas, both in science
and in housework [1], [2]. Ability to use a certain polymer is determined by its stability,
including resistance to UV light [3] - [5].
In this work the investigation of UV caused degradation of mechanical properties of var-
ious PE composites will be presented. In order to observe said process, polyethylene
samples were exposed to UV radiation for a speci�ed time. Changes of the surface of
material in a submicrometer scale were observed by force spectroscopy using atomic force
microscope (AFM). Nanoscratching and nanoindentation were also performed. Results
acquired at nanoscale were compared with data obtained in standardized tensile strength
measurements. Achieved values made it possible to determine the validity of the use of
polyethylene in conditions with exposure to damaging radiation [6] - [7]. Studies per-
formed at nanoscale enabled the materials characterization with greater sensitivity than
those at macroscale, in particular at early stages of degradation. In addition, the impact
of the �llers on the results repeatability will be discussed.
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The color center may couple an electron to become negatively charged (SiV� or NV�)
with spin S=1. The nonzero spin is responsible for paramagnetic properties of the center.
The vacancies may be created in diamond powders or in a bulk CVD or HTHP diamond.
Due to photo-conversion between the charged and neutral forms of the center and its light-
power dependence, the NV centers are very attractive for applications in various quantum
devices. However, there is a serious problem of their coupling with photonic cavities or
other devices. These issues are investigated by research teams demonstrated e�cient
coupling between the NV centers in open Fabry-Perot cavities at 77 K [1]. Recently,
the Melbourne team demonstrated coupling of NV spherical micro-resonator of a high
Q-factor with nanodiamond integrated in tellurite glass [2]. The main objectives of this
study is development of new technological solutions for the creation of photonic structures
and quantum devices based on color centers in diamond and to develop novel dedicated
spectroscopic methods for studying their optical and microwave properties. Moreover,
we intend to investigate the application perspectives of the achieved results and tech-
nological potential for development of novel sensors based on nonlinear and quantum
optics (biosensors/biomarkers, quantum information processing and quantum cryptogra-
phy). The proposed method relies on synthesis of diamond with integrated color centers
and/or synthesis of photonic �bers with NV centers and has not been used by any other
team. It will be developed in two directions: (i) �lling the PCF �ber with DND-NV
suspensions and (ii) synthesis of PCF �ber precoated with DND-NV suspensions (empty
PCF and NVs in the �ber walls) [?]. The sample characterization will be based on optical
(absorption, emission, Raman) and microwave spectroscopy with high spatial (confocal,
≈ µm3 ) and spectral (sub-Hz) resolution. The measurements will be performed using
a technique of optical detection of magnetic resonance (ODMR) improved by develop-
ment of the microwave hole burning technique [4]. The development and applications of
quantum technologies and nonlinear spectroscopy for studies of color centers in diamonds
is very fast. Thanks to the stable crystallographic and electron structure of diamond,
NV-color centers exhibit very stable electronic spectra, not much sensitive to various per-
turbations. Their excellent optical and spin properties (paramagnetism) allow one to use
di�erent resonance and spintronic methods of and enable precision metrology.
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To keep up with Moore's prophecy in future the critical dimensions of transistors must
be further scaled down in size. In this context, we developed �eld emission scanning probe
lithography (FE-SPL) to generate single digit nano-features in thin ( >20nm ) molecular
resist layers. This lithographic method was described in previous publication [1]. Here,
we are presenting the completion of a FE-SPL-technology platform for 150 mm wafers.
In particular, the tool, shown in �gure 1, is �nished and tested. The system is able to
carry out step-and-repeat lithography on 150 mm wafer. Therefore, a 6� X, Y, Theta
(150x150 mm2 positioning range + 360o rotation for alignment) stage is integrated as
bottom positioning stage. The integrated coarse positioning unit ensures a resolution
of <10 nm (X, Y) |<1.3 µrad (Theta) and a repeatability of 100 nm (X, Y) | < 13
µrad (Theta), respectively. The mechanical setup is designed as an arch type bridge. A
natural stone is used as material for mechanical beam in order to minimize the in�uence of
parasitic e�ects such as thermal drift, mechanical vibration and acoustic noise. The XYZ
piezoscanning unit is mounted onto the top unit, which also integrates the approach unit.
The piezoscanning unit delivers a scanning/ patterning �eld of 200 µm x 200 µm2, and
in Z direction of 25 µm. The XYZ position noise of the nano-positioning stage is 0.5 nm
for X and Y axis and 0.1 nm for Z axis. To reduce the processing time in step and repeat
FE-SPL mode we developed a new approach technique. In particular, the fast approach
unit is based on a commercial linear motor with 50 nm minimum incremental motions
(repeatability: 100 nm; backlash: 2µm). In order to increase stability of the approach
and to minimize the tilting of the cantilever head, the linear approach motor is supported
by linear ball bearings units. The total travel range of the fast tip approach mechanisms
is 25 mm. The FE-SPL technology platform is constructed in a modular way. In such
a manner the scanning head can be exchanged allowing single cantilever or cantilever
array operation. In terms of AFM and lithographic application special active cantilever
are applied [1, 2]. For coarse navigation an optical microscope system is implemented
delivering a resolution better than 5 µm. The previously developed electronic units,
125 Hz FPGA based controller as well as AFM, SPL and pattern generator software
were integrated. A full step-and-repeat lithographic operation capability is implemented.
Di�erent nano-devices patterned by the FE- SPL tool are shown in �gure 2. A dedicated
housing of the system is designed and built in order to enable an encapsulated operation
minimizing the environmental sources of drift, mechanical noise and instabilities. The
tool-speci�cations are summarized in table 1.
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Fig. 1: FE-SPL tool for 150 mm wafers

Tab. 2: FE-SPL tool speci�cations

Fig. 3: Left: Plasmonic structures, Middle: SET-Inverter circuit, Right: Mix-and-Match
Lithography. Conventional photolithography for large structures (electrodes) and FE-SPL
for nano-features de�ning the SET.

Seventh Framework Programme FP7/2007-2013 under Grant Agreement No. 318804
(Single Nanometer Manufacturing for beyond CMOS devices � acronym: SNM).
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A crucial limitation of Scanning Probe Microscopy (SPM) and Scanning Probe Lithog-
raphy (SPL) is the size of the measurement area and the speed with which this area can
be imaged or patterned. The array-systems of an autonomous working cantilever have
the capability to signi�cantly increase the measurement area and speed compared to sin-
gle cantilevers [1]. As previously presented, the productivity of this kind of imaging and
metrology systems can be increased due to massively parallel scanning probes with a very
large scale of integration. In the frame of the PRONANO-Project, we built an array of
128 cantilevers having a pitch of 200µm, which resulted in huge data acquisition pro-
cessing to form the composite image using a DSP controlling unit for every cantilever
[2]. This paper presents the fabrication and characterization of an active parallel can-
tilever device integrating four self-sensing and self-actuating probes in an array controlled
by a multi-channel FPGA controller. The cantilevers are actuated thermomechanically
and their bending is measured piezoresistively [3]. The piezoresistive read-out routinely
ensures atomic resolution and a high imaging speed [4],[5]. The thermo-mechanical actu-
ation allows a static and dynamic actuation of every cantilever individually and enables
a simultaneous AFM operation of all cantilevers in an array [6]. The static actuation
has a hub of ±1.6µm and the dynamic actuation is used to drive the cantilever at his
resonance frequency. The active cantilever array is moved over a surface to be imaged by
a piezoelectric, nanopositioning scanner, which enables 200 µm × 200µm scanning with
0.2 nm resolution. The pitch between cantilever tips is 125µm and allows in case of paral-
lel imaging with one scan of the stage to acquire an image with a maximum size of 0.5 mm
× 0.2 mm. The integrated cantilever devices are fabricated from a silicon-on-insulator
(SOI) wafer using surface micromachining and a gas chopping plasma-etching process
[6]. The SPL technology is based on the use of lowenergy electrons for direct writing or
mask-less lithography [7]. The electron emission current is in the range of 1 to 50 pA
and undergoes Fowler-Nordheim (FN) law [4]. Every cantilever has an 8µm-high conical
silicon tip [8], which is used as an AFM scanning probe and as an electron �eld emitter.
The multichannel, scalable controller architecture allows four FPGA boards to scan and
collect data simultaneously. The scanning time of 4096 × 1024 px frame is 10:40 mins,
the pixel resolution is 122 nm, and the required memory is 128 Mbits, assuming 32 bits
topography data for 1 pixel. This throughput of the parallel set-up is more than 6 orders
of magnitude larger than SPM working with a single cantilever. In this paper, we will
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present investigation on throughput, reproducibility, resolution, positioning accuracy in
case of AFM Imaging and FNNanolithography.
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Fig. 1: "Quattro" cantilever array based on self-sensing and self-transduced cantilever.

Fig. 2: AFM image obtained with array of four self-transduced und self-sensing cantilever.
The imaged �eld is with size of 500 µm x 135 µm where every sub-�eld is 135 µm x
135 µm large. The overlap between the �elds is 10µm. The composite AFM image
consists 1.048.576 pixels attained in 126 seconds with four cantilever in non-contact-mode
simultaneously.
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Atomic Force Microscopy (AFM) and Scanning Electron Microscopy (SEM) are rou-
tinely used techniques for high-resolution surface research. The self-sensing and self-
transduced cantilever [1]-[4] allows an easier system integration and substantial decrease
of the mass of the scanning head. The AFM microscope provides better controllabil-
ity, signi�cant higher imaging speeds with the potential for CD-metrology automation,
and an in-situ inspection capability combined with the SEM. In this paper, the concept
and �rst results of novel AFM in SEM for nanoscale characterization are presented. A
six-axes AFM system is being developed and integrated into a high resolution SEM/FIB
system allowing nanoscale analysis, nano-manipulation and scanning probe lithography.
The compact and modular AFM setup enables probe- as well as samplescanning and uses
self-sensing AFM cantilevers. The top-probe-scanner allows positioning of the cantilever
in a space of 20 mm × 20 mm × 10 mm with precision of 1 nm. The sample-scanner is used
for metrology purposes securing 0.2 nm resolution in x-, and y-axes and 0.1 nm in z-axes.
Simultaneous control imaging software was developed to merge SEM and AFM informa-
tion for mixed imaging of nanoscale objects. A FPGA AFM controller is embedded into a
special control system architecture that allows for automation of nano-manipulation imag-
ing and SPLsequences. The operation modes of the AFM include contact, non-contact,
mass-detection and scanning-probe lithography [5]. The controller is o�ering amplitude-,
frequency-, and phasesensitive detection. With respect to resolution and robustness, this
technique is directly dependent on tip quality (material, aspect ratio, shape and opera-
tion mode of the AFM). Therefore, a carefully calibration of CD-AFM includes a probe
geometry deconvolution and can be used as metrological tool where a key parameter is
the shape of the tip. The active cantilever includes a conical shaped tip with 15 +/-3 nm
radius which is formed in highly doped, single crystal silicon, and o�ers long life in non-
contact operation and is favorable for top-CD measurement of lithographical features and
long-life operation as Fowler-Nordheim emitter for Scanning Probe Lithography [6].These
work goals at providing a new eloquent representation of detailed results from combined
examinations, by applying fast AFM-methods and SEM-image fusion, AFMSEM com-
bined metrology veri�cation and 3D-visualization. Combined AFM and SEM capabilities
provide a view of sample topography due to a large number of hybrid imaging and sub-
10 nm measurement techniques. Metrology application scenarios from a combined AFM
and SEM study will be discussed.
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(a) (b)

Fig. 1: 1(a) Self-sensing and self-transduced cantilever used for AFM in SEM; 1(b) Picture
of the SEM-CCD camera shows the AFM in SEM set-up. The design allows probe- as
well as sample-scanning, AFM tilting from -10 to + 60 and the SEM working distance of
4mm (high resolution).

(a) (b)

Fig. 2: 2D and 3D AFM images obtained with the AFM in SEM.
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Poly(methyl methacrylate) is commonly known polymer, which is applied in many
di�erent areas. Besides typical behavior of the material due to irradiation [1]-[4], changes
in the volume of this polymer under the in�uence of ultraviolet radiation can determine
its application. These changes can be observed not only by infrared analysis [5], but also
by the use of atomic force microscope, which is characterized with high sensitivity [6]-[7].

In the paper, the investigation results obtained on PMMA samples exposed to the UV
radiation using specially designed masks will be presented. The purpose of this procedure
was to expose only the selected sample areas to UV radiation and enable the photooxi-
dation process, which continued without the light access. The volume increase of tested
material was measured using atomic force microscopy and other optical techniques. As
the consequence, the stress appearance between the outer and inner layer of the material
could be noticed. Next to the morphological changes (roughness), the presence of sub-
micron scale cracks was observed (Fig. 1), and their further evolution to centimeter size
in length features. In addition, the force spectroscopy technique was utilized in order to
observe the sti�ness changes in time. These measurement methods also allowed to observe
the transparency changes and yellowing of the material that was exposed to radiation.
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Fig. 1: The AFM images of the PMMA surface before and after UV light exposition (72
hours) and further degradation development due to photooxidation.
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One of main issues related with the thermal nanometrology is the quantitative in-
terpretation and reliable calibration of the thermal tip response [1, 2]. Moreover, the
quantitative measurement of temperature at nanoscale can be performed only when the
propagation of the heat from the tip to the sample and back to the cantilever is known.
In this paper we present the updated design and technology of Si/Si3N4 micro calibration
stage equipped with Pt microheaters [3]. This new design consists of 500 nm thick MEMS
structure with 2 independently controlled microheaters with four point connections and
improved thermal isolation. It allows for precise control of the temperature dissipation
and a contact between surface and tip of cantilever. Localization on thin, low thermally
conductive membrane minimizes the heat transfer to the bulk silicon. In order to increase
mechanical stability of the structure, the membrane is supported by the tip. Structure
sti�ness is increased which allows for characterization of relatively sti� (30-70 Nm−1)
piezoresistive scanning thermal microscopy probes. The small size and spatial arrange-
ment of independent heaters allows for the controlled heat �ow in the membrane and
measurements of the temperature distribution. Moreover, dedicated heat sinks located
on the membrane decreases the heat transfer to the body of the chip. In the full paper, the
manufacturing technology including MEMS surface micromachining is described. The re-
sults of eletcro-themo-mechanical characterization of this new stage and comparison with
FEM modeling are also presented. Quantitative analysis of selected SThM probes with
developed stage is discussed.
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Fig. 1: New layout of the calibration structure (left) results of electrothermal FEM simu-
lations (right)
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Kelvin Probe Force Microscopy (KPFM) [1] is a scanning probe microscopy (SPM)
technique for investigation of such electrical properties as contact potential di�erence
(CPD), charge and work function of various heterogeneous materials (semiconductor, or-
ganic or polymer structures, optical layers and self-assembled monolayers (SAM)) [2]. In
recent years KPFM has been receiving special attention due to the fact that it is used
for studying electrical properties of graphene. It should be noted that it is a non-contact
and non-destructive method used not only in ultra-high-vacuum conditions, but also in
gaseous and liquid environment. There are two techniques used in KPFM measurements.
The �rst one called lift mode requires two separate scans. The surface topography is
measured in intermittent contact mode during the �rst scan. Next, electrostatic force is
measured in the second scan, when the tip is moving a constant distance above the surface.
The distance is constant provided that XYZ position of the probe is stable and precisely
controlled. So the stability of environmental factors like temperature, humidity, tip wear
are critical in this KPFM mode. In many cases, the tip-sample distance is approximately
several dozen nanometers and this requires to use large amplitude of electrostatic exci-
tation signal. As a consequence, the spatial resolution becomes relatively poor due to
long range electrostatic force acting on KPFM tip. These requirements can be relaxed if
the measurements of topography and electrostatic force are done simultaneously. It can
be achieved by multifrequency operation, where the cantilever is simultaneously excited
in two or more cantilever eigenfrequencies. We present a single-pass and multifrequency
KPFM technique with amplitude detection of mechanical vibration and electrostatic force.
It was implemented as a homemade setup with optical beam de�ection (OBD) detection
in ambient conditions, which allows to measure a wide range of materials. In the proposed
solution the cantilever is simultaneously excited into oscillations at �rst two eigenmodes.
The �rst one is used for electrostatic force measurement and the second for topography
measurements. The results of di�erent actuation schemes are shown. The response time
of the �rst two cantilever �exural modes and sensitivity of electrostatic force measurement
are discussed. The properties of the proposed system was investigated by measurements
of topography and CPD of self-assembled monolayers in ambient conditions. The reg-
istered images were quantitatively compared by estimation of the maximum capacity of
information channel of the imaging system as introduced by Shannon in [3].
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Dura mater [1], [2], the outermost membrane of connective tissue surrounding brain
and spinal cord is often susceptible to mechanical injuries. It is indispensable to prop-
erly determine how mechanical energy propagates throughout each type of tissue after
mechanical impact is applied. The attempts of assessing mechanical properties of dura
mater were already performed [3], [4], but so far no research aimed at the analysis of the
microscale structural ordering of this tissue with its mechanical properties was presented.
In particular, speci�c orientation of the collagen �bers bundles (Fig. 1) can be considered
in terms of providing directional strengthening of the cranial dura mater's structure.

The aim of the presented work was to measure topography of the upper part of cranial
dura mater with the use of atomic force microscopy (AFM), as it has already proved to be
a reliable tool [5]-[7], while estimating properties of biological samples of small dimensions.
In addition, optical microscope enabled studying the morphology of bigger parts of the
investigated tissue, providing the insight into the millimetre scale structure of the tissue.
The investigated sample was taken from 6-month-old human embryo. The analysis of ob-
tained data revealed that collagen �bres tend to arrange themselves in roughly speci�ed
directions throughout dura mater (Fig. 1). As was shown in works aimed at the inves-
tigation of mechanical properties of anisotropic materials [8], the composites containing
�bres that are parallel immersed in a matrix, exhibit signi�cantly increased resistance to
mechanical strain.

It proves that collagen �bres play reinforcing role in dura mater with the emphasis of
certain directions considered as the critical in terms of the brain safety.
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The aim of the work was to optimize the process of coating the insulating layers on the
quartz tuning forks (QTF) sensors used in biological application. Due to the nanometric
de�ections of QTFs prongs, they can be used in the density and viscosity measurements.
QTFs biological measurements are di�cult because bacteria liquid environment is con-
ductive due to the dissociated ions. Additional insulating layers are necessary. In this case
the electro insulating PMR-F lacquer was used. The requirements for the insulating layers
were: small impact on mechanical and electrical properties of QTF; accurate, reliable and
repeatable process of preparing; compatibility with the QTFs ring-down measurement
method developed by Nanometrology Group. The insulation layer quality depended from
concentration of lacquer, velocity of drawing QTFs from lacquer and curing temperature.
Following experiments were conducted due to obtain the best coating parameters: ca-
pacitance measurements which later gave the information about thickness of deposited
layers, 24 hours tests in 0.9% saline which simulated bacterial environment in order to
know long term behaviour of QTFs coated with lacquer, dielectric strength measurements
which gave the information of insulating PMR-F layer endurance on higher exciting volt-
age. Concluding all results, the best parameters for coating were obtained. The reliable,
fully controlled and automated process of coating were developed. Perfect compatibility
of coated insulating layers with the ring-down QTF measuring method has been found.
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Due to the miniaturization process, in many technical devices microchannels are used
in cooling systems. Because of the small size of microchannels, the �ow inside is laminar,
which caused a slow heat exchange. In order to intensify the heat exchange, the �ow
must be disturbed, for example by introducing obstacles. Performed studies have shown
that not only the spacing and relative height of the obstacle a�ects the �ow disturbance
intensi�cation, but also their shape.
In this paper we will present comparison how the obstacles of various shape, triangular
and perpendicular disturb the �ow. Water �ows in two dimensional channels of 400 mi-
crometer height is studied. Corresponding Reynolds numbers are equal to: 20, 50, 100
and 200 - such �ows occur in various technical micro devices cooling systems[2].
We report experimental and numerical results on heat and mass transfer in the micro
channel where thin obstacles are immersed on the wall, to disturb the �ow. Thin obstacle
we call the one for which the parameter o=w/h ( w- width, h - height of the obstacle)
satis�es inequality: o <0.5.
For the numerical investigation, a Navier �Stokes computer code has been solved by use
Adina CFD & FSI solver [2]. Experiments were performed by use micro Particle Image
Velocimetry (µPIV) [3].
Water �ows distributions in the microchannel with triangular and rectangular thin obsta-
cles were compared to visualize how theirs shape in�uences the �uid �eld. For instance,
in Fig 1 we demonstrate di�erences in streamlines for �ows past a single obstacles of
triangular and perpendicular shape for parameter values: Re=20, h/H=0.5. It can be
observed that the rectangular obstacle caused strongest vortex formation in water �ow.
In Fig 2 the numerical results against experimental for rectangular obstacle for Re=20
for h/H=0.5 are presented. The agreement is below 3%.
Performed investigations have shown that the placement of a thin obstacles with a rect-
angular shape on the wall increases the heat exchange in the microchannel from 15 to
74% relative to the smooth microchannel for temperature di�erence �uid/wall equal to
40oC.

Acknowledgments
We thank Electrotechnical Institute for the opportunity to perform research needed for the
purposes of this paper. The authors also thank Association of Polish Electrical Engineers
SEP, section in Wrocªaw and branch no. 1 in Wrocªaw for �nancial support.

References

[1] ADINA R & D, Inc.[2013], ADINA Theory and Modeling Guide, Watertown, USA, Volume
III:ADINA CFD & FSI,

136



P-15

[2] O. A. Akbari, D. Toghraie, A. Karimipour, M. R. Safaei, M. Goodarzi, H. Alipour, M.
Dahari, Investigation of rib's height e�ect on heat transfer and �ow parameters of laminar
water�Al2O3 nano�uid in a rib-microchannel, Applied Mathematics and Computation 290
(2016) 135�153

[3] S. Bªo«ski, P. Domagalski, M. Dziubi«ski, T. A. Kowalewski, Hydrodynamically modi�ed
seeding for micro-PIV, Arch. Mech., 63, 2 (2011) 163�182,

137



P-16

Nanovortex dynamics in quartz nanocavity

A. Kordos∗1, A. Kucaba-Pi¦tal1,

1Department of Fluid Mechanics and Aerodynamics, Rzeszow University of Technology,
35-959 Rzeszow, Poland
*a-kordos@prz.edu.pl

Keywords: Nano�uidics, Nanovortices, Molecular Dynamics, Flow in nanochannel

The investigation of �uid �ow inside a long, an open type nanocavities helps to gain
understanding of many complex phenomena. This paper is continuation of our previous
works [1] devoted to nanovortex investigations in the open type long nanocavities. Aim
of the present paper is to study nanovortex dynamics in quartz nanocavity. Molecular
dynamics method is used to study the problem and LAMMPS program [4] to perform the
simulation. The computer representation of molecules of real materials were used [1, 2].
Simulation details can be found in [3]. The nanocavity is 7 nm width, 25.2 nm long and
situated perpendicular to the main nanochannel of 22 nm height. The water �ow in the
nanocavity is induced by 2D Poiseuille water nano�ow in the main nanochannel. Water
�ow is simulated by adding constant force to molecules in the main channel. The walls
of the main channel and the nanocavity are made from quartz.

The performed simulation corresponds to the 19 ns of real water �ow. To visualize
the nanovortex formation, a sequence of images of water velocity vector �elds in the
nanocavity was plotted using MD simulation data. The average velocity vector �elds
were obtained by averaging MD data with the bin method [5]. Averaging data from
MD simulation at equal time intervals of the �ow allowed to plot images of the averaged
vector velocity �elds at these intervals. The obtained sequence of images representing
vector velocity distributions at successive time intervals, shows the nanovortex evolution
depicting the formation mechanism.

Fig. 1: Fully formed nanovortex in 2D open type nanocavity (A portion of the velocity
vectors �eld)
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Current-voltage transducers are used in scanning probe microscopy. They are one of
the most important microscope subassemblies used to measure the electrical properties of
the tested surface. I-U Transducers in atomic force microscopes should have a low level of
native noise (due to low measured currents). Due to the processing characteristics we can
divide them into: linear and logarithmic transducers, due to polarization: of the substrate
or blade.

The main aim of the work was to implement the Conductive Atomic Force Microscopy
mode (C-AFM) in own design � ARMScope. I-U transducers are implemented directly in
the SPM head, eliminating the need for long interconnections between the probe and the
processing circuit, which in turn reduces the negative in�uence of the lead resistance and
parasitic capacitance.

The modules developed by the authors are used in Scanning Tunneling Microscope
(STM) and AFM:

� the linear module was used for measurements using C-AFM mode for measuring
high-oriented pyrolytic graphite,

� the thermally stabilized logarithmic module is particularly useful in Scanning Spread-
ing Resistance Microscopy (SSRM). In SSRM mode, the measured current can be
characterized by high dynamics of changes. Stabilization eliminates drift of current
that increases the measurement error.

The systems were characterized for their own noise and thermal stability.
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We present the results of experiment performed on MEMS cantilever using SEM/FIB
microscope. The unique double loop cantilever design allows us for easy actuation inves-
tigation at �rst and second fundamental frequency modes. Various methods of actuation
were applied. For magnetic actuation well position de�ned permanent magnet was used
to get the same actuation force during experiment. The special dual current source was
fabricated. The characterization of cantilevers were done with SIOS Nanovibration Anal-
izator � the high resolution interferometric system. The modi�cations of cantilevers were
performed with SEM/FIB FEI Helios NanoLab 600i microscope. Two undercuts were
performed in desired places. The actuation e�ciency increased about 75 % for �rst and
about 90 % for second fundamental mode. The motivation of this work was to decrease
dissipated power on cantilever to reduce thermal e�ects. By authors modi�cations, the
power can be decreased about 4 times.
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Fig. 1: SEM image of double loop cantilever
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Calorimeters in microscale make quantitative measurements on very small samples.
It can be adopted for small-scale measurements. Design of MEMS membrane used in
research is shown in Figure 1. A membrane serves as the sample holder and provides
thermal isolation. It consist of platinum heater and platinum temperature sensor. The
membrane is made from silicon nitride.
The calorimeter is designed to perform micro/nanoscale thermal analysis with high sen-
sitivity on extremely small amounts of sample and can be operated at very fast rates.
Reduced sample size means reduced sample consumption. It also means higher resolu-
tion and better thermal isolation. Suspending the thermal sensor and heater on MEMS
membrane provides excellent isolation. Temperature can be measured using integrated
resistors by measuring changes in the resistivity of the sensing element. The overall res-
olution and sensitivity depends on the thermal mass of the sensor, sample mass, and the
evaluation and minimization of heat losses during measurements. Other calorimeters de-
signs have been used to measure cell metabolism, interfacial reactions, phase transition,
nanoscale biological reactions.
To evaluate the ability to measure using the MEMS membrane it was made a research.
It was measured changes of temperature during heating. It was determined thermal time
constant, sensitivity and resolution of femtocalorimeter.
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Field-Emission scanning probe lithography (FE-SPL) is a high-resolution nanopat-
terning technique [1, 2] using low-energy electrons emitted from a scanning probe. It
allows patterning resist with structures having sub-10nm resolution in ambient condi-
tions. However, in order to enable highest resolution ultrathin resist layers (5-15nm) are
applied. Linked with that, the pattern transfer by plasma etching becomes a di�cult
challenge with respect to selectivity, etching rates and process control.
To secure the high resolution during pattern transfer for device fabrication, anisotropic
etching processes are required. These can be achieved by cryogenic plasma etching [?] us-
ing SF6 and O2 plasma at temperatures below -60°C. Thus, resist materials are required,
which exhibit high plasma durability.
In this work we have studied and compared di�erent resist materials according to their
plasma durability and their selectivity for silicon etching. In particular, monomolecu-
lar resists as calixarene are compared with polymeric resist �lms consisting of Poly(3-
hexylthiophen-2,5-diyl) (P3HT), AZ® Barli®, Polystyrene (PS), Polyhydroxystyrene
(PHS) or Polymethylmethacrylat (PMMA) [6]. Therefore, these resists are spin-coated
onto silicon substrates with layer thicknesses ranging from 7 to 10 nm. Standard patterns
are generated into the resist �lms via FE- SPL with di�erent size and resolution. Samples
are plasma etched at cryogenic temperatures.

Before and after etching as well as after resist strip the patterns are analyzed by AFM.
Therefrom derived the selectivity and etching rates are determined and compared for
di�erent resist materials. While selectivities for calixarene, AZ Barli, P3HT and PMMA
are comparable (in the range 3-4:1), PHS exhibits an extraordinary plasma durability
yielding a selectivity in the range of 20:1. SPL resolution with respect to pitch between
parallel lines is in the range of 10nm half pitch for PHS, calixarene, PS and AZ Barli.
Thereby, the smallest values for critical dimensions were obtained for calixarene and AZ
Barli, i.e. 5 nm line width.
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Fig. 1: (left) Comparison of etch selectivities for di�erent resist materials, (right) example
of 10nm half pitch written on AZ Barli.
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There are a lot of e�ort to measure mechanical properties of thin �lms and aerogels
obtained by sol-gel method. Regarding the thin �lms the tools used for such measurement
gives us a parameters correlated and comparable with other measurement done by this
tool. In case of native silica aerogels, measurements of mechanical properties are very
limited. There are a lack of literature data regarding mechanical properties sol-gel oxides
in nano and submicro scale. This properties are very important from the bioapplication
point of view [1], [2]. The mechanical properties of surface of metallic implant materials
are still far from the tissue that is to be replaced. In direct contact of individual cells
colonizing an implant, an important role is played by the properties of the surface of the
implanted material.
The paper presents an attempt to measure the properties of the surface of SiO2 multi-
layer coatings and native SiO2 aerogels obtained by the sol-gel process. Based on �exural
strength tests and the cracking resistance, the quality of adhesion of the coatings was
described. Moreover, tension tests for coatings and compression tests for aerogels were
performed. The results indicate that the obtained coatings approach of surface properties
of metallic implants materials to appropriate for the tissue environment.
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Force Spectroscopy is one of the most commonly applied methods and techniques
in scanning probe microscopy (SPM). One of its drawback is relatively low throughput
when investigations are performed with single cantilever. Additional limitation is appli-
cation of bulky piezoelectric actuators with limited bandwidth and with many parasitic
resonances. We present a concept of an array with heavily Boron Doped Silicon microcan-
tilevers where each and every one of the cantilevers is actuated electromagnetically. The
application of the array of silicon microcantilevers working simultaneously will enhance
throughput and credibility of characterization for multicantilever force spectroscopy. In
our experiments we have focused on possibility of actuating arrays of four cantilevers.
In the electromagnetic actuation scheme, force is exerted on a conducting path in which
current �ows immersed in uniform magnetic �eld [1]. Force is the directly proportional
to both magnetic induction , and current �owing through conducting path

−→
F L(t) =

−→
I ×
−→
B · L (7)

The basic advantage of utilized method is that we control de�ection in both directions. In
arrays we applied each cantilever has its ow Lorentz conductive loop thus we can control
them independently ant simultaneously. In our experiments we have applied SIOS Nano
Vibration Analyzer to calibrate sensitivity of the cantilever de�ections at low frequencies
(pseudo-static mode) and at resonance. The application of heavily Boron Doped Silicon
technology ensures that the cantilevers are built from uniform type material which results
in obtained de�ections ranging up to 1 µm without bimaterial e�ect.
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Fig. 1: ) SEM image of the electromagnetic BDS cantilever arrays
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From 2013 to 2017 the European FP7 project "Single Nanometer Manufacturing for
beyond CMOS devices (SNM)" (coordinated by Prof. Ivo W. Rangelow, TU Ilmenau)
targeted the development of the manufacturing of semiconductor chips with critical di-
mension in sub-10 nm range. The sixteen project partners from eight European countries
worked successfully together in order to shape a future technology for the production of
highly-functionalized nanoelectronic devices in single nanometer range.

The project was divided into four technical work package groups, which addressed
(WPG1: WP1-WP4) the development of di�erent lithographic methods; (WPG2: WP5-
WP7) pattern transfer, metrology and resist development; (WPG3: WP8-WP9) design
and characterization of devices and (WPG4: WP10-WP11) the high-throughput manu-
facturing.

One project outcome is the development of several novel nanofabrication technologies
including lithography (Fig. 1, [1]-[3]), plasma etching [4] and metrology [2] at single-digit
nanoscale. For example, the group at TU Ilmenau (TUIL) investigated a cost-e�cient
single-digit nanometer lithography process using low energetic electrons emitted from one
or several scanning probe microscope (SPM) tips [1]-[4]. Since its invention in 1986, SPM
technology became one of the most important surface analysis and fabrication methods for
the nanometer scale. Despite of this remarkable progress of the SPM technology, insu�-
cient imaging or writing throughput often hinders broad industrial application. The exten-
sion of the SPM-technique to cantilever array operation could overcome the fundamental
slowness and increase the throughput by parallelization of imaging and patterning. The
new generation of active single-crystal silicon cantilever arrays with integrated individ-
ual cantilever actuation and sensing was developed and fabricated by TU Ilmenau. This
technique allows high-resolution inspection and precise generation of the nano-features
due to the use of the AFM writing or imaging mode. In 2003, we discovered the so called
"positive tone" development-less lithography in molecular resists using low energy elec-
trons emitted from a SPM tip. This was the ignition of the idea for lithography at the
single-digit nanometer level.
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Fig. 1: Field Emission Scanning Probe Lithography (FE-SPL) incorporating imaging and
lithography at single-digit nanoscale. Due to the closed loop lithographic capability fea-
ture inspection, overlay alignment as well as stitching is integrated allowing step-and-
repeat and mix-and-match procedures for large scale patterning.
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Introduction
An impingement cooling system is an array of microjets with high velocity �uid which is
made to strike a target surface. Many experimental and numerical investigations of arrays
of impingement cooling microjets are focused on high Nusselt number delivery [1]. The
majority of the studies are experimental ones. However many simulations of the impinge-
ment cooling systems are numerical [2]. Only a few are devoted to the problem of cooling
a surface with an inhomogeneous distribution of temperature. Such situation occurs in
many technical applica-tions such as photovoltaic cells. The main goal of the numerical
investigation was to examine an inline array of ten impingement microjets which is heated
with various heat �uxes qw(x).

Problem Formulation
The impingement cooling system consists of an array of ten impingement micronozzles
di-rected normally to the �at surface. Cylindrical, convergent and divergent micronozzles
with taper angle α=30°are taken into consideration. In this study diameter D=800 µm
of the micro-jet was considered. The micronozzle exit-plate distance X/D=8 and the
micronozzle pitch-diameter ratio S/D=8 were constant for all simulations. The distribu-
tion tube inlet diameter was D_T=5000 mum. Air was supplied to the system by the
supply-tube only from the left side. The right side of the tube was closed. At the �rst
analysis the wall, the microjet impinged onto was represented by the constant heat �ux
qw(x)=5000 W/m2 and later on by the three increas-ing and decreasing linear functions
qw(x).

Solution method and numerical setup
The simulations were performed using Computational Fluid Dynamics (CFD) code An-
sys CFX. In the present investigation the k � ω shear stress transport (SST) turbulence
model was used. SST model is recommended for such applications [3]. The investiga-
tion was limited to the steady state assumption and dynamic features of the impinging
microjets were ignored. To validate the numerical technique and the solution procedure
the comparison of numerical re-sults of an impingement cooling system of surface with
uniform temperature distribution with experimental were performed which showed sat-
isfying agreement [4]. The numerical calcula-tions were carried out using unstructured
tetrahedral grids with 1,79 mln elements and 323119 nodes generated by the Ansys CFX
mesher. The in�uence of the numerical grid density on the results of the heat transfer
coe�cient and the Nusselt number in the stagnation region was taken into consideration.
As to investigate the sensitivity of the results of the numerical analy-sis, the Grid Con-
vergence Index GCI was calculated [5] and it might be concluded that nu-merical results
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on the �ne grid were grid independent [6].

Solution method and numerical setup
Flow of an array of ten impinging micronozzles had a very complex behavior for each
type of the microjets and inlet �ow parameters. It is a result of the de�ection at the
stagnation area (especially at the �rst microjets) and because of the jet to jet interac-
tion, which is called �fountain e�ect�. The sudden change in the �ow direction in the
micronozzles before striking onto the target plate resulted in the de�ection angle in the
direction of the �ow inside the distribution tube. This was also observed in [7]. The
highest �ow de�ection angle was ob-served at the �rst micronozzle. On the last one, the
�ow direction was perpendicular to the cooled surface. Therefore an eccentricity of the
velocity distribution at the micronozzle area was noticed. The optimal system con�g-
uration for a given heat �ux gradient qw(x) will be de-termined by the constant mass
�ow rate and the uniform Nusselt number distribution on a cooled surface. The uniform
Nusselt number distribution plays a signi�cant role as it might reduce thermal stresses
on a cooled surface. The usage of a constant heat �ux qw=5000 W/m2 resulted in the
highest averaged Nusselt number Nu=4,59 for the cylindrical micronozzles. In addition, it
was seen that the line of an averaged Nusselt number increased slightly in the x direction
(along the �ow of the distribution tube). Also it was noticeable that the line of the av-
eraged Nusselt number decreased in the direction of the �ow in the distribution tube for
the heat �ux function qw(x)=5000-1000 W/m2 and qw(x)=5000-0W/m2. The heat �ux
qw(x)=5000-25000 W/m2 represented most uniform values of the Nusselt number Nuo in
the stagnation region for all of the microjets. Presented conclusions are signi�cant for
the designers to handle with the temperature gradient on the cooled surface. Especially
during the design of the pho-tovoltaic cells or turbine cooling systems.
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The signi�cant development of nanotechnology in recent years has been associated with
production of oxide nanomaterials such as nanoparticles, nanotubes, nano�bres, thin �lms
and nanoparticles, which have unprecedented physical and chemical properties. Oxides
Al2O3, TiO2, SiO2, ZnO, Bi2O3 are the most interesting material for scientists because
these materials are available in the world and easy of application. In the last two decades,
one of the most commonly studied and used oxide is titanium dioxide. High interest in
industry and research by TiO2 is due to the potential application of titanium dioxide in
various industries, such as the cosmetic, construction, medical, electrical and chemical
industries. TiO2 has high photocatalytic activity, relatively low price, high physical and
chemical stability and low toxicity. These properties making titanium dioxide one of the
most interesting photochemical materials [1]. In the word, scientists used many di�rent
methods to produce thin �lms, for example chemical vapor deposition, sol�gel method,
ultrasonic spray pyrolysis, anodic electrophoretic deposition. Sol-gel technique combined
with spin coating has found its greatest use in making thin �lms. The reason for this is
the easy application of the coating on large surfaces, the low cost of gel production and
the control of the microstructure �lms [2]. Titanium (IV) butoxide (TNBT, 97% Sigma
Aldrich) was used as a precursor of titania. Solution was prepered by the 2 ml TNBT in
2 ml acetic acid (AcOH, Sigma Aldrich). As prepared solution was subjected to magnetic
stirrer for 30 minutes. In order to prepare H2O/ EtOH solution the following were used:
1,5 ml deionized water and 10 ml ethanol (EtOH, purity of 99.8%, Sigma Aldrich) and was
stirred on magnetic stirrer for 30 minutes. Next, both prepared mixtures: TNBT/AcOH
and EtOH/H2O were mixed and stirred at magnetic stirrer for 1 hour. Thin �lms were
deposited on the glass by sol-gel spin coating method. Samples have been calcination in
the three temperature: 400°C, 500°C and 600°C [3]. The structure and morphology of
TiO2 sol-gel coatings applied to the glass substrate were analyzed by scanning electron
microscopy and atomic force microscopy. It has been noted that as the calcination tem-
perature increases, the thickness of the �lms decreases and has a value: 360 nm for �lms
before calcination and 260 nm, 180 nm, 150 nm for semples calcination in 400°C, 500°C,
600°C. From the spectra, it was observed that the �lms were transparent in visible region
and showed characteristic absorption in UV region at a shorter wavelength range. As the
temperature of the heating temperature increases, the absorption line to move towards
the Vis wavelength range. In this study, a systematic preparation of photocatalytic TiO2

thin �lms using a simple and cost e�ective method was obtained. The �lms with di�erent
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solution can be reliably fabricated by sol�gel spin coating process. The results are of value
to deepen the understanding of the e�ect of �lm thickness on the photocatalytic activity
of TiO2 thin �lms. On the basis of the studies, it can be concluded that the calcination
temperature a�ects the optical adn structural properties. Titanium dioxide thin �lms
can be used for in catalysis, antibacterium, anticorrosion, photovoltaic cells, self-cleaning
surface and water puri�cation [1]-[3].
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With the emergence of engineered carbon nanomaterials such as carbon nanotubes
(CNTs) and fullerene into the modern drug delivery systems, treatment of disease through
cell membrane injection is now a reality. The extraordinary ability of these engineered
carbon nanomaterials to cross the cell membrane acting as a drug carrier leads to a
plethora of application in this scope. Therefore, investigating the interaction of engineered
carbon nanomaterials with cell membrane has become a pressing challenge. Here, we
address this issue through a series of molecular dynamics (MD) simulations. In this
work, a synergy between biological concepts and MD simulation is employed to study and
compare the penetration of a CNT and fullerene into a pure cell membrane under various
injection velocities, with a more emphasis on the minimization of disruption in the lipid
bilayer. The main aim is to derive guidelines for optimum design of the engineered carbon
nanomaterials dedicated to penetrate the cell membrane. To this end, from mechanical
point of view, deformation of the lipid bilayer, force and stress exerted on the nanocarrier,
and its corresponding deformation are examined during the penetration.

Fig. 1: Snapshots of penetration of SWCNT into a cell membrane
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ARMSCOPE is being developed at Nanometrology Group at the Faculty of Microsys-
tem Electronics and Photonics, Wrocªaw University of Technology, Poland. The main
goal is to build a versatile, modular system for SPM measurements. Its backbone is an
ARM-microprocessor based main unit with universal system bus used to communicate
with other components of the system: programmable arbitrary scanner controller �Com-
pass", digital or analogue PID controllers with high voltage ampli�ers, precise 18-bit ADC
module, DC motors controller, and others, depending on the speci�c needs. ARMSCOPE
is controlled and the measurement results are visualised by dedicated Microsoft Windows -
based application which communicates with the custom �rmware in the system controller.

The versatility of the ARMSCOPE system allows for using it in various measure-
ment modes. In conjunction with precise current-to-voltage converter it may work as an
Scanning Tunnelling Microscope (STM) and Scanning Tunnelling Potentiometry (STP)
microscope able to reach atomic scale resolution (Figure 1). It may also work as an Atomic
Force Microscope (AFM) with various scanners and using both optical and piezoresistive
de�ection readout [1]. It may work in various measuring modes, for example Kelvin Probe
Force Microscopy mode (KPFM), as a Conductive AFM (C-AFM), Scanning Thermal
Microscope (SThM - Figure 2) [2], Piezoresponse Force Microscopy (PFM) and others.
Using multi-channel analogue-to-digital converter allows for simultaneous multicantilever
scanning and/or sensing [3].

The results of the system characterization and exemplary measurements are presented.
Acknowledgements: Authors would like to acknowledge the former Nanometrology
Group members: Michaª Zielony, Paweª Zawierucha, Grzegorz Wielgoszewski and Daniel
Kopiec. Their e�orts contributed signi�cantly in the SPM systems development.
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Fig. 1: Exemplary scan of HOPG surface at room conditions obtained using the ARM-
SCOPE system working in STM mode showing the atomic scale resolution: topography
signal at 3× 3 nm scan (a) and tunnelling current signal at 12× 12 nm scan showing the
grain boundaries (b).

(a) (b)

Fig. 2: Topography (a) and temperature distribution (b) on the FinFET devices obtained
using ARMSCOPE system showing the temperature rise at the bottom of the channels
due to the pinch-o� e�ect [2]
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In this work a study of occurrence of electrostatic e�ects on the surface of UV irra-
diated polyethylene will be presented. In order to observe said process, the polyethylene
samples were irradiated with ultraviolet light, then the studies were performed using an
atomic force microscope (AFM), which enables the surface-scanning tip detection with
high sensitivity, and provides detection a set of complex and subtle interactions of the
material with the surrounding. Moreover, a set of standard methods was used in order
to measure the electrical properties of investigated samples and to observe the impact of
the phenomena observed at nanoscale. On the basis of the research conducted, it was
found that material degradation is a more complex process than the hitherto adopted
model. Obtained data were compared in order to select the most appropriate approach
for further investigation of observed phenomena.
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Explosives detection has been improved thanks to the development of new self-sensing
nano-cantilever techniques capable of performing very sensitive detection and quantifying
certain chemical-a�nity parameters. In this paper, we will present the progress in de-
tection of chemical agents, volatile organic compounds, and explosives for civil security.
The amplitude and the phase shift of the cantilever oscillation can be correlated with the
presence of speci�c molecules and their quantity. Most of the enthusiasm comes from new
possibilities and properties of nano-mechanics. Sensors (simple, robust, sensitive, cost-
e�ective) combined with nanotubes, also called nano-functionalised cantilever-sensors, are
serving as bridge between advanced detection/diagnostics and daily safety uses. Here, we
present some of the latest developments of nano-factionalized nano-dimension cantilevers.
Nanoelectromechanical cantilevers as NEMS devices, oscillating at high frequencies, are
skilled to be of levels better of mass sensitivity compared to many larger commercially
available cantilevers. The goal of this development was to realize sensors capable to achieve
a mass resolution comparable to the mass resolution of a mass spectrometer. Around 60
years ago from now the measurements of small masses started by using Quartz Crystal
Microbalance sensors having a mass sensitivity (S) in the order of S ≈ 1010 Hz/g -� which
are still wide spread in many Physical Vapor Deposition tools. Furthermore, knowing the
sensitivity of the sensor the recalculation of the actual mass change is possible. How-
ever, during the resent years di�erent approaches have been made from di�erent research
groups by using di�erent materials with di�erent shaped mass sensors. In many cases
the mass detection requires sophisticated electronics- and experimental setup and often
they are limited to ultra-high vacuum environment. Here, we present a new approach
of a nano sized silicon based mass cantilever using the piezoresistive quantum-size e�ect
readout to measure its resonance frequency, which is in the order of 5 MHz to 120 MHz
(Fig.1). The small cantilever is driven externally by a thermal-bimorph or piezo-electrical
method. A special developed by nano analytik GmbH, Ilmenau, 125-MHz FPGA based
electronic with ultra-fast Phase-Locked Loop (PLL) and software with wide bandwidth
and digital signal �ltering allows a continuous (almost real time) measurement of the sen-
sors resonance frequency. This electronic is capable to detect the self-thermo-mechanical
oscillations of the cantilever. We achieve thermal noise-limited detection of mechanical
resonances in these devices at room conditions. A change of the sensors mass is imme-
diately highlighted in the analyses software, where the actual mass change is calculated
from the amount of change in frequency and knowing the mass sensitivity. The calibration
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of the mass sensor showed a mass sensitivity of S = 11.31×10−18 g/Hz. We used a new
fabrication step which includes a 3D micro- and nano structuring process to form Oxide-
Nano-Tubes (ONT) of the surface of the mass sensor. The 3D-NT structures are employed
as highly selective absorber of a certain kind of molecules. The mass sensitive sensors are
very promising to be used in many �elds of application. Although being an emerging
discipline, self-sensing nano- cantilevers has raised huge interest and expectations.

Fig. 1: Scanning electron micrograph of diverse cantilevers with dimensions from 30µm to
300 nm.
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Fig. 2: SMass induced resonance frequency shift due to absorption of volatile organic
compound. The measured frequency shift of 7 mHz is equal to 791zg mass change.
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The proposed system of Scanning Probe Lithography (SPL) [3] based on active micro-
mechanical cantilevers in this connection is of great interest. In this method, a cantilever
is held near the surface on which the resist is applied, and its local exposure is carried out
by the current �owing between the tip of the cantilever and the wafer. Key features of
the SPL method are combining a reading/writing functions and high positional accuracy
(atomic force microscope determines the coordinates of points with an accuracy of 1 nm),
which allows in a single scanning cycle to plot the topography of the sample surface, to
select the site of interest and then expose it. In SPL lithography mode �exural deforma-
tion of the cantilever occurs under the in�uence of electrostatic forces. Since the intensity
of this electrostatic load increases with de�ection, it has a destabilizing in�uence on the
cantilever. Consequently, electrostatically induced bending a�ects the pattern formation
process and is one of the contributors to the instability of SPL. In particular, it can result
in shortening the circuit and can lead to unexpected probe behaviour or damaging the tip.
Therefore it is important to reduce the in�uence of the electrostatically induced bending.
For this reason accurate estimations of voltage and de�ection of the cantilever at this state
are of high importance for designing the SPL. Electric potential applied between the sub-
strate surface and the cantilever gives rise to electrostatic forces acting on the cantilever.
The elastic restoring force induced in the cantilever balances the electrostatic force and
restricts cantilever's motion. With decreasing the gap, the electric charges redistribute on
the de�ected cantilever's surface which entails the increase of the electrostatic force and
further de�ection of the cantilever until the electrostatic force balances the elastic restor-
ing force. The corresponding values of the voltage and the peak de�ection of the cantilever
are called the pull-in voltage and the critical gap respectively. Due to the fact that as
the cantilever beam deforms, the electrostatic charges redistribute causing an increasingly
non-uniform distribution of electrostatic forces and, thus altering the mechanical loads,
it would be very di�cult to compose the analytical model which explains the behavior of
the cantilever in electrostatic �eld, especially in all three spatial dimensions. Therefore
�nite-element analysis is appropriate to use to explain the unstable scenery and quantify
the pull-in parameters [5]. The practical realization of the �nite element method was per-
formed using the commercial �nite element package COMSOL Multiphysics [4]. Figure
2, shows the example of the results obtained for the electric potential and de�ection of
the cantilever with an applied DC bias. As the color legend indicates, the bending of the
cantilever reaches about 5 nm onto a distance of 25 nm from the surface under a +45
V bias voltage. From the high density of equipotential surfaces beneath the cantilever
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it is also clear that electric �eld is mainly concentrated around this region. Enlarged
images of the potential and electrostatic �eld distribution maps show how the electric
�eld is distributed in the gap between the tip and the surface. It can be seen from Fig-
ure , that high concentration of electric �eld appears around the tip apex which is due to
the tiny tip surface area. The electric �eld strength reaches a value of about 4.5×109V/m.

In this article we will present the combination of parameters of the cantilever, pro-
viding a trade-o� between the imaging and lithography capabilities. The advantage of
using cantilevers with longer tips and larger inclination angle in terms of decreasing the
susceptibility of the cantilever to electrostatic �eld will be demonstrated. Moreover, it
will be shown that the 2D approximation is su�cient to provide an estimate of the pa-
rameters describing the electrostatically induced bending what is important in the light of
the need to balance discretization quality and computational costs due to large di�erence
in dimensions between the cantilever and tip. Results also highlight the fact that the tip
does not play a relevant role for the modeling of the cantilever static de�ection under
electrostatic force.
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Fig. 1: Example of the simulation results (dimensions are indicted in microns). a) Surface
plot showing electric potential distribution within probe�surface gap; b) Amplitude of
the electric �eld underneath the tip (the localized �eld enhancement can be clearly seen
around the tip.

Fig. 2: a) Fig. 3: b)
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Specialized measurement technique coled Scanning Thermal Microscopy (SThM) re-
quires calibration process of the thermal senor located on the and of the probe. Mostly
there are resistive made of gold, plainnium or platinnium -iryde coating. The dimension
of this sensor is smaller than 5µm in this reason it should be made calibration temper-
ature stage in micro regime. Repeatedly the thermal stage are larger than cantilever or
even holder. In this reason should be made active stage with active area smaller than
50nm and separate parasitic heat from active element to the cantilever. The case plate
was made using CAD/CAM technology preparation process from zirconium dioxide. This
is a white crystalline used for multifunctional applications. Its most naturally occurring
form, with a monoclinic crystalline structure, but ZrO2 is often more useful in its phase
'stabilized' state. Upon heating, zirconia undergoes disruptive phase changes. By adding
small percentages of yttria (Y2O3), the structure transitions from tetragonal to monoclinic
phase are eliminated, and the resulting material has superior thermal, mechanical, and
electrical properties [1][2]. In prepared plate wit 500µm holes was glued micro copper
rods which got very high conductivity (401W/(m ·K)) in the polymer with low thermal
conductivity (< 5W/(m ·K)).
In this paper we present the results of investigation active sample. The measurements
was made using the SThM which stems directly from AFM. Report technique, permissive
high resolution topography and thermal investigations, utilizes novel piezoresistive SThM
probes with piezoresistive detector of de�ection. Which are manufactured in standard
technology: MEMS, CMOS and Focus Ion Beam in post-processing fabrication steps[3].
Moreover the probes allow to obtain high resolution thermal structure measurements. Pre-
sented methodology and techniques allow to obtain quantitative temperature and thermal
conductivity of investigated samples in nanoscale. In the work was performed the nec-
essary tests to establish that the proposed solution may be an alternative to monolithic
heaters.
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Nowadays the silicon technology is very mature and well-known. Various structures
are manufactured, from simple discrete elements to advanced and sophisticated integrated
circuits and sensors containing thin layers. The various processes are in everyday use for
the purpose of manufacturing of such a circuits. These are: wet cleaning processes for the
preparation of the substrates for production, wet and dry etching, ion implantation, oxi-
dation, thermal processing, thin layers growth as well as photolithography, considered to
be the most crucial part of the production process in microelectronics. Photolithography
can be performed with the use of mask aligner or wafer stepper. Modern IC's manufac-
tured today are mostly processed using the most advanced �photo� methods, which allow
to obtain the resolution of tens of nm. However, many laboratories are still equipped with
photolithographic tools that o�er much worse resolution, typically in the range of 1 µm.

The goal of this work was to verify the capabilities of the GCA-4800 stepper, whether
the standard resolution declared by the manufacturer as ca. 1µm can be lowered so to
obtain structures of good, repeatable quality with resolution in the range of hundreds on
nanometers. For this purpose the series of experiments were done with the use of various
photosensitive emulsions (photoresists). Moreover, the in�uence of the process param-
eters on the �nal lithography e�ect were investigated. The veri�cation of photoresists,
provided by two various suppliers: Microresist and Microchemicals, was conducted. Fig. 1
presents the photos of the samples obtained after photolithography process done with the
use of GCA-4800 wafer stepper.

Obtained samples were observed using optical and SEM microscopes. Our experiment
proved, that providing proper selection of the photosensitive emulsion together with op-
timized process parameters, GCA-4800 wafer stepper allows to fabricate structures with
as low resolution as 700 nm.
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Fig. 1: Samples fabricated using GCA-4800 wafer stepper:
a) structures fabricated on Si wafer;
b) 700nm width metalization realized using GCA-4800.
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The growing market of nanomaterials and nanocomposites is due their uniqueme-
chanical, electrical, optical and thermal properties. In order to develop the technology,
appropriate diagnostic methods providing essential information about the fabricated ma-
terials are requested. One of the most important issues in the process optimization is
providing the nano�ller's homogenous distribution. This information can be obtained by
using 3D mapping of the mechanical properties of the material. Although the microtomo-
grapy [?] became very popular micrometer-resolution imaging tool in terms of analysis of
volume related data, the detection resolution of such device may be insu�cient when �ne,
nanometer size feature are created in the material. On the other hand, the best intro-
duced diagnostic solution of the submicron mechanical properties imaging is the group of
atomic force microscopy measurement modes such as: phase imaging, force volume, force
modulation mode, Harmonix [4], NanoSwing [5], PeakForce QNM and others. In order to
enable the access inside of the material, one needs a speci�c method of the matter removal.
Combined AFM and ultramicrotome solution was successfully introduced [6], however its
application range is limited to the range of samples of speci�c size and sti�ness. Also
so called Nanojet [7] system was developed, which enabled the local plasma etching and
AFM imaging in one instrument. In this paper we present the solution of much wider
application range, as the surface etching bases on the plasma blade [8, 9], which allows to
perform the imaging of mechanical properties of the material. This tool enables process-
ing the samples up to 60 mm in width in a single sweep. By cyclic procedure of removing
material and surface imaging, one is able to obtain the quasi-tomographical data, pro-
viding and insight into the 3D composition of the material. The example of the sample
surface's etching results and revealing the nanoparticles embedded in the polymer matrix
is shown in �gure 1.
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Fig. 1: The AFM topography of the polyazomethine with PCBM nano�ller before (left)
and after (right) plasma etching.
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Miniaturized and integrated analytical devices, including chemical sensors, are at the
forefront of modern analytical chemistry. The construction of novel analytical tools takes
advantage of contemporary micro- and nanotechnologies, as well as materials science and
technology. Typically the integrated electrochemical sensors are fabricated on silicon
[1],[2] and LTCC ceramic [3],[4] surface.
The design of the integrated electrochemical sensor for Electrochemical Impedance Spec-
troscopy (EIS) and cyclic voltammetry measurements was presented in this work. The
diameter of sensor was 5.1 mm. This electrochemical sensor contains a gold (Au) work-
ing microelectrode (WE), silver/silver chloride (Ag/AgCl) reference microelectrode and
platinum (Pt) counter microelectrode (CE). Working electrode, reference electrode and
counter electrode was fabricated on LTCC ceramic surface. Portable EIS system consist-
ing of the impedance analyser and prototype single channel potentiostat was built and
tested. The preliminary results of the Ag/AgCl reference electrode evaluation were pre-
sented.
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Nanocalorimetric monitoring of living cells bacteria activity is a method that allows
detection of heat produced by metabolic processes. Single bacterium can produce about
2 pW in a logarithmic growth phase [1]. In order to detect such a small amount of heat,
MEMS-based sensors should be used. We have estimated resistance change of the sensor
covered by bacteria colony to be in order of few miliohms.
In our work we have developed experimental setup for living cell activity monitoring. It is
based on a MEMS doubly-clamped bridge with platinum resistor as a temperature sensor.
Resistance change of single miliohm can be measured in a Wheatstone bridge which can
be precisely tuned and set in the AC operating mode. This mode allows usage of a lock-in
ampli�er and resolution of the setup is further enhanced. Data acquisition was performed
with 14-bit ADC converter from National Instruments NI-PCI 6251 and experiment was
controlled by LabVIEW software.
For the experiments we have used E. Coli PCM 2057 species, which is a standard for
antibiotic activity tests, cultured in lysogeny broth. We have used standardized proce-
dure for cell adhesion onto MEMS sensor surface developed at the EPFL. Sensor covered
with adhered bacteria and dipped into few µL volume of broth was enclosed in a 3-D
printed liquid cell. Recorded signal was processed to extract signal variance which carries
information about bacteria heat production �uctuation and metabolic activities.
In our presentation experimental setup will be described. We will also present results of
living bacteria monitoring performed with doubly-clamped bridge MEMS sensors.

Acknowledgments
This work was partially funded with Nanometrology Division statutory funds - 0401/0234/16.

References

[1] J. Lerchner, Chip-calorimetric evaluation of the e�cacy of antibiotics and bacteriophages
against bacteria on a minute-timescale, J Therm Anal Calorim (2011) 104:31�36

172



P-35

Galvanically isolated system for scanning thermal microscopy
resistive probes based on a transformer ratio-arm bridge

M. �wi¡tkowski 1,∗, M. Rudek1, G. Wielgoszewski 1,
A. Wojtu± 2, T. Piasecki 1, T. Gotszalk 1

1Nanometrology Division, Wrocªaw University of Science and Technology, Wrocªaw,
Poland

*michal.swiatkowski@pwr.edu.pl

Keywords: AFM, SThM, transformer bridge, Drobnowidz AFM

Atomic force microscopy is a widely used technology for investigation and charac-
terization of the nanomaterials. Its functionality can be easily expanded by applying
dedicated extension modules, which can measure electrical conductivity or temperature
of the sample. In this paper we introduce a transformer ratio-arm bridge setup dedicated
for AFM-based thermal imaging . The key features of the thermal module are: low-power
driving signal that prevents from undesired tip heating while performing resistance mea-
surement and sensor location between transformers that ensures galvanic isolation of the
tip from the electronic circuit while scanning in contact mode. The proposed expansion
module is compact and can be integrated onto AFM head close to the cantilever. Cali-
bration process and resolution of 11 mK of the proposed setup is shown.
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Nowadays two-dimensional materials have gained particular interest due to their unique
electrical, optical, mechanical and thermal properties. Transition metal dichalcogenides
(TMD) is a group of materials which in contrast to the zero band gap semiconductor
graphene exhibit a wide band-gap (e.g. 1.58 eV for MoS2). TMD have the general for-
mula MX2, wherein M is a metal atom: Mo, W, Ti, Ta, Nb or Zr, and X is: S, Se or
Te. MX2 layers are held together by the weak van der Waals forces, causing that thin
�akes can be easily exfoliated from bulk crystal [1]. Single layer TMD exhibits many
unique properties, for example: surprisingly high photoluminescence (PL) e�ciency [2],
a clear spin splitting of valence bands due to strong spin-orbit coupling [3] and a novel
spin-valley coupling [4] etc. In spite of its structural similarity to graphene, the layered
TMD structure exhibits some advantages over it. Originally, TMDs are a semiconductor
and has intrinsic band gap. In presented work we want to show some basic works on the
optimization of the mechanical exfoliation process. As a research object ZrS2 was taken
into account. We show results of the basic research � optical microscopy and AFM inves-
tigations of the obtained �akes. These investigations allow to optimize exfoliation process
and show in�uence of the exfoliation parameters e.g. size of the TMD sample, force of the
tearing of the adhesive tape, number of tearing. Optimization of these parameters made
the exfoliation process less random.
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Passive techniques for manipulation on droplets are an interesting and promising ap-
proach for the design of micro�uidic devices which on one hand are easy-to-use and on
the another hand, execute complex laboratory procedures [?] We present the comprehen-
sive study of basic micro�uidic components allowing for encoding di�erent operations on
droplets into the structure of the device. The understanding of hydrodynamic interactions
between the continuous �ow and the movement of a droplet in con�ned space of di�erent
micro�uidic geometries is crucial for a rational and e�ective design of new generation of
modular micro�uidic processors with embedded instructions.
In the previous publication, we showed examples of passive micro�uidic modules called
micro�uidic [?]. Traps were built with two basic geometries: obstacles and slit-bypasses
(Fig.1). Modi�cations of these elements and their combination in di�erent arrangements
created traps with di�erent functions such as: i)metering prescribed volume of a droplet
(Fig.2); ii) immobilisation of a droplet; iii)combining consecutive drops.
The previous publication demonstrated the potential of the new approach, however, it
lacked a comprehensive analysis of principal mechanisms. Potential applications of this
technology require detailed investigations on mechanisms ruling movement of droplets.
One of the most important parameters is the hydraulic resistance. In presented proce-
dure, it is estimated in specially designed micro�uidic networks. Two inputs of the device
are fed with equal �ows of: i) a bu�er and ii) a bu�er with an indicator. As the distri-
bution of the initial amount of the indicator between both outputs corresponds to the
ratio of resistances of the straight channel and the channel with investigated modules, the
latter one can be estimated by direct measurement of the concentration of indicator. This
method is noninvasive and o�ers high precision ensured by the use of the spectrophotome-
ter. The results showed the intriguing fact that the addition of slit-bypasses to the channel
does not change signi�cantly the resistance although the increase of the cross-section. In
the case of the obstacle, on the contrary, even short obstacle, introduces the signi�cant
rise of resistance.
The other investigations consisted in observations of the kinetics of traps. We observed
both � the movement of a droplet and the �ow of continuous phase by a microscope and
a camera. The image analysis of the contours of a droplet and the movement of tracer
particles provided
information on the interaction between both �ows and its dependence on the local geom-
etry (Fig.3). As we expected, during the �ow of droplet through traps-like structures the
bypasses are activated or deactivated depending on the actual position of a droplet. The
gathered knowledge is very important for the understanding of the principle of passive
structures. As we will show, the appropriate arrangements of base elements allowed as
for successful design and fabrication of new passive elements.
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Fig. 1: 3-D presentation of the metering trap. The base components such as slit bypasses
and an obstacle are shown.
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Fig. 2: The consecutive snapshots presenting a droplet traveling through a metering trap:
a) droplet approaching to the trap, b) droplet entering into the trap, c) droplet after
decomposition into two parts.

Fig. 3: The example of the analysis of kinetics. Left � the snapshot taken just
before decomposition of a droplet. Right � plots of measured kinetic parameters:
QB/QC , PF/LT , PR/LT , wN/W . Where: QB � rate of �ow through bypasses, QC - to-
tal rate of �ow of continuous phase, LT � length of the trap, PF � position of the front of
a droplet, PR � position of the rear of a droplet, W � width of the channel, wN � width
of the neck.
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