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Abstract: Currently, more and more organizatiomesaavare of the increasing potential of nanosciamck
nanotechnology, due to the wide field of innovateeplications they address from biomedical and
molecular technology to semiconductor and matesiciences. Nanotechnology is an area where
fundamental or applicative research is still ingress and where many industrial applications aiieed/ia

to come. Despite the progress of this field, mamstitutions, notably educational ones, cannot dffor
investing in these technologies allowing an actessinoscale, and a lack of knowledge thereforaiesn
The Nanceygproject focuses on the widespread of Atomic Fddazroscopy or AFM technology, which is
the basic access tool to the nanoscale. The maihigido design an optimal AFM model in terms of
manufacturing costs by using rapid prototyping téghes and open-source hardware, and designirsg it a
an educational-oriented equipment. This approathidsfold: as an AFM-unexperienced user discovering
its principle of operation at nanoscale or as arkiengineer understanding its multi-disciplinarysture
involving mechanics, optics, electronics, softwarel control sciences. This paper introduces tts fir
functional structure oNanceyeAFM project, focusing on its mechanical structutds submitted to the
IFAC2017 special feature Automatic Control Demoatsirs.
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telescope for the infinitely big, the Atomic Forkcroscope
(AFM) is the most suitable way to access the naalesc

sDrIr:/;TIghQ;Oa:\?vZIgfwtlet:ilya:asrgjr?es Z\;ei::tgfelgttogéa t orqgr:(;\;]edl The AFM has a resolution over 1000 times betten ttre
Y » Obliyat diffraction limit of the optical microscopes. It wahe subject

wonder which we investigate nowadays with an eve

increasing passion. Nanotechnology and Nanoscigmee of a Nobel Prize in 1986 [Binnig], its structurekbiased on a
9P L gy .~ flexible microfabricated cantilever beam with aywsharp tip,
among those emerging fields of a dazzling ascezgeRrch is

. . . . ) L whose radius of curvature is in the range of a maater. The
still starting out in various domains such as naedicine

[Kurland], nanomaterials [Lee] or nanoelectroniard their atomic-level forces which develop at close-proxjnfietween

otential keeps appealind a crescent number of agie the tip and the surface to be investigated leath¢oelastic
p PS appeaiing a o P flexure of the beam, which is detected by an opticathod.
because of the large innovation possibilities.

By raster-scanning the sample or the tip in the plahe, a
1.1 The Atomic Force Microscope (AFM) nanometer-level topography of the surface can léeaed.
' Several imaging modes are available, static andamym

At the nano scale we cannot draw conclusions frofYoigtlander, chap 13,14,15,17, Vancso p 25-45].

phenomena which intrinsically evade the direct onisi Neyertheless, despite the AFM development, sucipetgnt
Therefore, using suitable equipment is necessang. @ the  gtj|| represents a high investment nowadays, nptdbt
most promising yet still basic methods among thensmg  academic institutions, because of its prohibitigsts (over 30
prpbe microscopy techniques [Mironov] is theomic Force k€). That is why, in spite of the wide field of pnising
Microscopy (AFM) applications it might offer, and a growing demarttis

Atomic force microscopy is one of the most suitaiiethods —technology has a difficult spreading. Very recetttiy concept
to keep an eye at the nanoscale or, in other wavldsre our ©Of lIow cost AFM for education [Grey] has been shugva

most phenomena related to our environment. Like tHaP€NAFM, CO-AFM) still remain in early development
phases. Further involvement in this direction ipexted.

1. INTRODUCTION



1.2 AFM as an education-oriented device formulations for the global potential. One of the@shwell-
known is Lennard-Jones potential [VoigtlanderAF]l

The AFM project calledNanceyeaims at developing an

optimized model in terms of design costs, notahbnks to

rapid prototyping technique$Gibson]. Moreover it was

designed for an easy access and an intuitive tegduntent.

There are several operating modes of the AFM il
namely the contact mode, tapping or oscillating enadd the
non-contact modeHg. 1) [Vancso p 25-45]. In the following
paragraphs will be detailed the contact mode, whics
The technical development aimed towards a portabégnployed in this paper. The contact mode involvies t
prototype, which could be shown during scientifieets repulsion forces between atoms of the tip and thafsthe
about Microscopy or Nanotechnology. Another goabwa surface of the sample because of the short wortisigince.
create a teaching kit, in the form of applicatiates and other When the tip is close enough to the surface wiifgr@aching
documents (datasheet, user manual) necessaryndiea the the sample, it is suddenly attracted and the eamtil bends
equipment works and how to use it easily. The ngaial is immediately down. This displacement is what we ¢h#
not only to design an end product, but also to erage and “snap-in” (Fig. 2). Once this step is acquired, the probe keeps
support its spreading under the best circumstameetiyating  a negative deflection when attracted by the samtest of
and preparing the specialists and scientists ofotocow in  the time, in contact mode, repulsive forces areoliad
those promising fields of nanoscience and nanotdoy between the tip and the sample due to the shomeran
[Excoffon, Marchi]. interaction (between the points 2 and 3. 2). A control
loop of the tip altitude is usually added, in orderkeep a

This paper will detail the physical models on whittie . .
constant vertical deflection.

demonstrator is based. The second phase will praben
structure of the proposed AFM model and its tecdnic
improvements towards an education-oriented instrime
Finally, some conclusions will be drawn on thisffiprototype
on the future applicative trends of 3D-printed AFM.
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2. PHYSICAL MODELLING

2.1 Interatomic potential and contact operating enod

The interactions between the AFM tip and the saraplihe T probe ! w1
atomic scale result from the interatomic potenti@his displacement (z) i ]

quantity leads to attraction when the atoms arerfaugh and Fig. 2. Tip deflection w.r.t. the height of the tver base
repulsion when too clos€&ig. 1). The repulsive force is linked

to the Pauli exclusion principle preventing twoatlen shell At the end of the analysis, the tip is taken awaymf the
structures from intersecting. surface but it tends to remain in contact due &adtiraction
phenomena, which result in the cantilever bending

_A . . )
z || Tapping [ downwards. When the elastic forces finally overcothe
S | & attraction, the cantilever comes back readily 4drittial state
& ‘ § of zero deflection, which is the “snap-out” phase.
o
Q
ol ... ] ~ — Repulsivepart separation 2 2.2 Beam theory : the end-loaded cantilever beam
& The cantilever beam model has one fixed end, ams| there
Non-contact | S . . [ .
. . S is no deflection in its initial state. The end-leddcase consists
i g ﬁ 2 in applying a load on the free end, which resuftsthe
‘ AttrEES & deflection of the cantilever.
par £ /
4 : > . Net force :
Interatomic distance (nm) f RZ R =F
Fig. 1. Interatomic potential, its components ahd tifferent Z M Moment of bending
operating modes of the AFM cantilever probe . M =F(x)
A\ %
While the repulsive forces were often evaluateahiempirical F - interaction between the
way, the attractive ones result from both Van Deaa¥ ¥ tip and the sample
interactions and the force interacting between icstat *

4

electrically charged particles, described by Coudntaw. <

The interatomic potential is a combination betwattractive < >
effects (Van Der Walls and Coulomb’s law) and repud ones l

(Pauli exclusion principle). There are different rcal Fig. 3. The structure of the cantilever model




A simplified beam model is applied to the AFM céater,
referring to the classical beam theory [Payam)]. Géatilever
is represented by its neutral axis, which links teaters of
gravity of each section in thedirection Fig. 3).

In this figureF represents the interaction force between the tip

and the sample considering the contact mode oAEM. The

net force calledkz and the moment of bendidgy are related R .
to the mechanical effects on every section of thani My
reaches a maximum value on the fixed end, where the
according distance is equal to O ; in other words when 7
M, = F1, with |, the length. Thé& force involves a deflection R
for the cantilever as an end-load effect, according radius 4
of curvatureR (Fig. 4). The maximal vertical shifting(l) of

the free end when loaded is :

-

tan@/2) =6z /1 =

T

I >

o =20zl

Laser
beam

(Fig. 4). Considering the case where the deflection and th
the anglex / 2 remain low, we obtain the following expression:

(2).(3)
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Fig. 5. Geometric configuration for the reflecteelmn

z(l) = 4F 13 /(EbR®) 1)

According toFig. 5, wherelL is the distance between the tip

The expression (1) is valid for a cantilever widttangular
sections whose dimensions &randh. F is applied according

to the height of the sectionE is the Young’s modulus. 20.= AZ/L

The evolution of the deflection during the scanniigy
measured by an optical detection system which dieplihis

very small displacement and makes it measurablasér spot
is focused on the free end of the cantilever supmpthe tip.

Thus the optical beam is reflected according todthengle,

referred as between the incident beam and the nadiireation

(Fig. 4), which depends on the curvature radiis

2.3 Optics : signal acquisition from the photosgwsisensor

AZSz= AN = K,

and the sensor antt is the spot displacement, we obtain:

(4)

From (3) and (4), we get the transfer equation:

®)

For the given cantilever length of 4p0n and the distande
of about 4,6m, theK, coefficient value iX, = 409.

Thus, the shifting of the measured beam on thecttetis over
400 times larger than the vertical displacement tlodé

cantilever during the analysis. For the topograptegrology,

As stated, a laser beam is focused on the cantimwudace.
The deflection of the cantilever leads to the démmaof the
reflected beam. As the distance from the tip todétector is
much larger than the cantilever length, its deiectis
significantly amplified. The reflected beam is rsee by a
photosensitive sensor Pasition Sensitive Detector (PSID)
this case. When the cantilever is not loaded, tredeviated
beam,Ry, reaches the active area of the sensor in arlinit
position which allows calibrating the optical ddten system.
When the probe bends during the analysis, the tial/laeam
is Ry (Fig. 4).
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Fig. 4. General model of the reflected beam (natcale)

this coefficient is necessary for the conversiothefmeasured
signal into the vertical deflection of the cantiewnapping the
analyzed surface. For this geometry if the PSD diiete
resolution is of 0.1 pm (as advertised in the degag then the
tip vertical resolution is of 0.25 nm.

2.4 The Position Sensitive Detector (PSD)

'The PSD has in this case an active area to of 4x4 mm, one
common cathode and four lateral anodewgy.(6). In fact,
when the active surface is exposed to a light ghetelectron
flow varies towards four electrod¥s X, Y1, andY; according
to the precise light spot position. In consequetieemeasured
currentsly, Iy, I3, and 14 vary accordingly and are precisely
measured by four transimpedance amplifiers.

The beam coordinates can be localized in
the (x:y) plane, by the following
equations:

. d* L+ L)— (I + L)
L+ L+ + 1,
L+ L)-(h+ 1)
L+ L+L+ 1,

)
d
)

With : d = 45mm (size of the active
squared area)

Fig. 6. Hamamatsu S5590 PSD and associated comwversi

The reflected beam angle depends on the lengthhef tequations.
cantileverl and the variation of its altitudéz when it bends



2.5 Piezoelectric scanner modeling and charactariza _Voltage to vertical displacement graph (dataPSD22.mat) _

2000

The piezoelectric devices use the reverse piezineledfect, T 1580 I
namely the deformation of a piezoelectric matetigon £ ;! el
applying an electrical field [Voigtlander, p.31-50]he most é
used actuators used to build AFM scanners arei¢zefpbes, 3 0
which allow for 3D positioningKig. 7). g ¢
g -500 e
APPLIED VOLTAGE ASSOCIATED MOTION s e
L + E -1000 | o
I XY tube + -9 . 2 oo ] ’
@ + 72000430 E;O 4‘0 2‘0 0 20 40 60 80
I Z tube ‘ Voltage Vz[V]
+ [
= Fig. 8. Measured vertical displacement correspogdim sine
waveforms of 20 V to 80 V amplitude and a slowfeagy of
n W ‘ 0.25 Hz imposed for a very accurate Keyence meamire

Fig. 7. Structure of the dual piezotube scanner

In the actual design there are two concentric Plamé& 3. STRUCTURE OF THE PROPOSED AFM MODEL

piezotubes in the scanner: the internal one mot28P.94 for 1he main parts of the first model were printed gsia

the in-plane actuationxfy directions) and the external ONegiereolithography (SLA) 3D printer from Formlabsid was
model PT230.24 for the vertical altitude actuatipdirection) 5, opportunity to significantly reduce the manufisicty costs

(Fig. 7). Although the piezoelectric effect is nonlinear,ithout compromising the complexity of a functiomabdel.
(hysteresis, creep), a linear approximation of thkage-to-

displacement characteristics by means of a prapatigain —
is possible, by working the basic strain-chargea¢iqns. The | ™
bending in thexy plane is :

Lateral camera

Removable
wherel, , is thex ory axis deflectionds, is the piezoelectric
transverse coefficient, is the length of the tubd is its = I
outside diameterh is its thickness and,, is the applied Fig. 9. CAD Model of the AFM structure and the ABhdbe.
voltage used to drive the scanner in xher y direction. The )
vertical actuation,, for a given voltage, applied across all 3-1 Assembly of the main parts

four quadrants on the external piezotube is: The AFM structure has two main parsg 10) called ‘O” and
_ “U”. The “O” part is fixed and protects the piezoelectric
A,=V,ds L/ R 7
#dai L/ 0 scanner case. On top of the scanner platform issameple
Some testing using a Keyence laser sensor allovgetou holder which is circular. TheU™ part supports the scanning
experimentally quantify the response of the piezcteic Probe, the laser and the PSD detector; it is datied by two
scanner: the actuation gain values obtained for three ball bearings for an easier access to the probéocethe mirror.

Ay y= 2V, N2 d3 L?/ DR (6)

directions are resumed Trable 1 A screw located on the back side @"“part allows for the
fine vertical positioning of the probe tip over tsemple. This
Table 1. Response of the piezotube scanner screw allow modifying the inclination of th&)” part and of

the tip over the measured surface. The contachefstrew

Direction | Gain (nm/V)| Total displacement* (um) it the U part is insured by small permanent magnets.
X 108.8 21.77 Therefore, this system also allows for close praim
y 107.1 21.43 approach of the sample, with a fine vertical adyesit. The
z 21.9 4.38 AFM probe is MikroMasch HQ:CSC17

*The maximal displacement corresponds to +100V #&onghé. ] ] ]
) o o 3.2 Educational-oriented design
In fact, the response of the piezotube is highlstéretic Fig.

8) and, depending on the range of applied contgiali the As an equipment dedicated to teaching, the modelbesn
slope is also non-linear, deteriorating with theréase of the conceived to make its accessible and easy towsaking the

applied signal voltage. For moderate voltage amnéis such common problems encountered in  Scanning Probe

as+20V the linear approximation (6) and (7) is quae.f Microscopy, such as sample view or access and miatiipn
of the probe.



First, the observation of the cantilever is todidifit with the 3.3 Control of the AFM

naked eye, which complicates the optical adjustrreamd

manual approach to the sample. That is the reasgntie The Real-time computer uniFig. 10 is external, namely a
model includes cameras and adapted optical legsttmacro XPC Speedgoat computer target running Matlab/Sivikuli
pictures. In order to observe both the reflectednben the compiled code, but we intend to accommodate inrtbar
cantilever top side and its lateral deflection dgrithe future a single-board computer in the rear cadégf1l
analysis, a frontal and a lateral camera are séfigp9). The

HpP—» T 1 X
cameras are Raspberry Pi models, chosen for titegriation, enol— oo | Y
. | XxPC_| H File S
cost-effectivensess and open-source features.ose ttamera @3 (1) i i N
A ) [T &) — { cantilever,
lens did not allow macro pictures of the probe, heal to Yscanner Analog output (v2) ’ﬂvi» e
i i i Yscanner to Inner Tube (XY)
design a custom tube supporting a lens with &0 mm focal 57
distance. Generator
[ | .’ 7777777777777777777 { » :n; Transverse [
Secondly, as the manipulation of the probe is sudelicate Q*b‘*{ wODAC | | xpcape [

. - . . 5 | PESC—— | i i Zcantilever —¢
operation, we created a removable tip suppiag.(Q)..Tms e Kp Gain Aoyt 2 e _
part allows the user to change the probe much easdy by Reference fom PSD board  PSD Tip posifon conversion

. . . . . . . nm
simply placing it in the special window provided tire top
face of theé'U” part. In this way, positioning is both accurate L.{mnage Esﬁmateﬂscanner}—ém"'e—

and adapted to the inclination of the tip. Thesmaeable Scanner Z estmator
parts, each fitted with its cantilever, will be dable as
accessories to the microscope, which also inclads®rage

unit to keep them ready to use. In Fig. 12is detailed the Simulink model implemented in the
XPC target. The scheme is quite straightforwarcer&hs an
independent open loop XY raster scan generatokhbjased
on eq. (6). The system converts the four PSD sigimathe
vertical 5z position of the tip, according to eq. iRi§.6) and

Fig. 12. Simulink control algorithm

Some other improvements were thought like electrdasign,
in order to tend towards a compact shape, two releict
boards have been created: one for control signadification

and the other for PSD signals conditioning, to @hthe X . ; ,
output signals of the sensor into the beam positio@)' A simple proportional controller keeps the tilamer in

. . contact with the probe, bended at +100 nm. Vhapplied
measurement. These boards were integrated in thaelmo . . .
: . . . . voltage formula is thus calculated on the inversid(i7). On
according to the following architecturgig. 10) :

the same equation an estimator calculates the astiin
vertical displacement of the scannér,.This estimator is

DD MD Real-time linear for the moment but in the future it will ®kito account
AFM

PC
computer KEIDY watian the hysteretic behavior. Finally, the differencensen the two

Simulink
Fig. 10. Signal processing and control structure

vertical quantitiesdz—A,) represents the vertical profile of the
sample surface.

_ - _ 3.4 Approach-withdrawal and surface scan tests
Currently, we have built a simplified version oktkexternal

casing for the AFM unitKig. 11), which is fitted with a After checking up the right functioning of the senand the
removable cover, used to protect the internal siracof the scanner, a first series of tests consisted of inthe tip in
microscope, and isolate the PSD from the ambight.liOnce close contact with the sample, then sweeping updamah the
removed, it provides access to the scanner, fory eascanner vertical control voltagEig. 13).

observation and understanding of the AFM intertalcsure ,Voltage to vertical displacement graph (dataPSD11.mat)

and also required adjustments before launchinggaalysis.
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The snap-inand snap-outphenomena readily appear on the
PSD output readings, which corresponds to the lmgndnd

Fig. 11. Photo of the AFM prototype and macro camneew. getachment of the tip to the sample respectivelg @ the



local atomic interaction. The two curves are sligkeparated
due to the piezoelectric hysteretic behavior.

The noise level expressed in terms of RMS (rootmseguare)

values is quite good for this prototype, in thearapter range.

The RMS value is of 1.1 nm for the out-of-contaghdition
and 0.7 nm for the in-contact state.

3-D Surface plot (dataPSD44.mat)

-1000

Z Sample profile (nm)

-1500

Y axis (um) %5 2 X axis (um)
Fig. 14. Image of a NdFeB magnet (22 lines by 200idts,

scan rate 2 seconds per line, z-control samplingpped.1ms).

The second type of tests consisted of actuatingigmotube
with the attached sample in a raster scan mode afiter line,
over the whole analyzed area and with a verticaitrob

interface. The piezotubes are highly nonlineamid the open
loop operation leads to in-plane distortion. Addaagpacitive
sensors highly increases the costs. We intendglace the
piezotubes by voice-coils, which are linear and-efective.

Hopefully, Nanceyeproject will achieve a functional and
affordable equipment, enabling an easier dissemimatf the
AFM and nanotechnology towards the engineers aieditssts
of tomorrow.
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