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1959, Era of Microelectronics Started
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The iconic Richard Feynman is a popular choice, on the strength of his 1959
lecture "There's plenty of room at the bottom" http://physicsworld.com/cws/
article/print/2006/jun/01/small-returns-for-nanoscience
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SPM Development & Progress based on:

- Methods Ideas:;

- MEMS;

- Controllers (real progress based on microchips progress);
- Computer progress & SW;

- Internet Technologies Progress;

- Design Ideas



Stylus Profiler (1929 —Schmalz)
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The profiler, invented by Schmalz 1in 1929, utilized an optical lever arm to monitor the motion
of a sharp probe mounted at the end of a cantilever. A magnified profile of the surface was
generated by recording the motion of the stylus on photographic paper. This type of
"microscope" generated profile "images" with a magnification of greater than 1000X.

Mirror
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Moving with a
sample photographic
plate
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- —- Light Source

~ Moving Stage Fexure

- Generated profile images up to ~1000X magnification

« Problems with large features (bent probes)

US quarter dollar,
T1Tmm x 18mm scan.
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Polyester mesh,
12mm x 12mm scan.

http://www.pacificnanotech.com/afm-history single.html

From electronics in the device -
only a light bulb. Information
receiver - photographic plate
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The Review of Scientific Instruments, July 1972
7 Years before the first publication of Binnig and Rohrer
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1982 r. OTKpbITUE MeTO4a CKaHMPYOLLEen
TYHHeNnbHOMU Mukpockonuu (CTM)

é. June 1933 - 16. May 2013

Phys. Rev. Lett. — 1983. V50.- P. 120

Heinrich Rohrer-Egger
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The first AFM

G. Binnig, Ch. Gerber and C.F. Quate, Phys. @\
Rev. Lett. 56. 930 (1986) STC
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VOLUME 56, NUMBER 9
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PHYSICAL REVIEW LETTERS

3 MARCH 1986

and

Ch. Gerber'®’

IBM San Jose Research Laboratory, San Jose, California 95193
(Received 5 December 1985)

Atomic Force Microscope

G. Binnig'®’ and C. F. Quate'®’
Edward L. Ginzton Laboratory, Stanford University, Stanford, California 94305

. R9 PHYSICAL REVIEW LETTERS

FIG. 1. Description of the principle operation of an STM
as well as that of an AFM. The tip follows contour B, in one
case to keep the tunneling current constant (STM) and in
the other to maintain constant force between tip and sample
(AFM, sample, and tip either insulating or conducting).
The STM itself may probe forces when a periodic force on
the adatom A varies its position in the gap and modulates
the tunneling current in the STM. The force can come from
an ac voltage on the tip, or from an externally applied mag-
netic field for adatoms with a magnetic moment.

3 MARCH 1986
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D: CANTILEVER, 8mm
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E: MODULATING PIEZO LEVER l
£ VITON (Au-FOIL) L

FIG. 2. Experimental setup. The lever is not to scale in
(a). Its dimensions are given in (b). The STM and AFM
piezoelectric drives are facing each other, sandwiching the
diamond tip that is glued to the lever.



4-sections

4-sections Photodiode
Photodiode > (1)
(2)
(3)
e n«rﬁls’ﬁr%« wrﬂlﬂm .

Meyer G., Amer N.M. Erratum: novel optical approach to atomic force microscopy// Appl. Phys.
Lett. 53 (24), 2400-2402, (1988)
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EIEG hitlcver SEM Image (6)
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AL =(AI +AIL)—(AL+AL) Al =(AL+Al)-(AL+AlL)

N NT-MDT System sensitivity - up to 0,1 Angstroms =0,01 nm
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Cantilevers Cepus ETALON I

YHUKanbHbie NOIMKPEMHUEBDIE
ACM kaHTUneBepbl

AFM probes '

with |

Conductive

anfl ‘

Magnetic | AFM probes
coatings  with

~ calibrated

SEM photo
for each tip

EBD "Whisker Type" probes

Molecwlar Devices and Tools for NamoTechnology

:':-T‘EA www.ntmdt.com  www.ntmdt-tips.com



Cantilevers of a new type - a polycrystalline beam and a single-crystal needle, a
spread of resonance frequencies - 5%

The radius of curvature of
the tip is about 3 nm

36 - 37°

1 MKM
4—
1 MKM
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.S 1 L5 2
AC-MFM image of servo sector of
high-density hard disk drive
Scan size: 10x10 um? (with 5 nm step)
Section size: 2,5 um

AFM cantilevers of ETALON series with CoFe
magnetic tip-side layer

A 1.0 15 J
AC-MFM image of user data sector of
high-density hard disk drive
Scan size: 8x8 um?(with 5 nm step)
Section size: 2,5 um (section of AGC preamble area)

- Stable parameters of a bulk (+/- 10%
F .. and +/- 20% stiffness dispersion);

res

- High lateral resolution due to a small
(<30 nm) curvature radius of a tip;

- High resolution of magnetic contrast
(around 30 nm) shown during
measurements of 1 Tb hard disk drive;

- Special tip shape that enhances
magnetic properties of a probe.




Cartridge with multi-probe technology

The new Revolution Cartridge with multi-probe technology
for automated replacement of cantilevers makes a
breakthrough in AFM usability:

e 38 tips on Cartridge
e Fast tip exchange

e Fully automated operation
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AFM for everyone: operation simplicity

Cartridge probe installation

Safe package Fixing tool

Installation and handling of multi-probe Cartridge is even easier
than with traditional AFM cantilever

N NT-MDT
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2014 - 2016 - BREAKTHROUGH in SPM technique Cartridge !!
Research works were carried out for own funds since 200/

Innovative Revolution Head

3asBka 96123099/09 ot 06.12.1996, narenT: «MHOT030HI0BBI KaHTUJIEBEP AJIsi CKAHUPYIOLIETO 30H0BOI0 MUKPOCKOTIa
RU 2124251 C1; 3aaBka 2003116596/28 ot 05.06.2003, mareHT: “MHOT030H/I0BBIN JaTYMK KOHTYPHOTO THIIA JIJIsI
CKaHHMPYIOIIIETO 30HA0BOTO MUKpPOCKoIa™’; mareHTooOmanarens “HT-MJT”;
http://www.ntmdt.ru/titanium/page/revolution-cartridge-t; 3asiBka Ha nmarent Ne 2013143064 ot 24.09.2013, MHOr030HA0BBI
JATYMK KOHTYPHOTO THUMA JJI1 CKAHUPYIOIIETO 30HI0BOI0 MUKPOCKOTIA.
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SNOM techniques supported by NT-MDT

Straight quartz fiber with aperture Silicon cantilevers with aperture
(glued to tuning fork)

100X
0.7 NA

400 nm

\_/

\V4

50 215 nm
100 =5 nm A

20 um
NT-MDT produces (for >10 years) both SNOM NT-MDT produces all hardware and software to
hardware and SNOM probes for various ranges work with such probes at all SNOM modes.

of wavelengths (from UV to IR).
SNOM cantilever probes are produced by
All SNOM modes are supported Nascatec, Germany

LINT-MDT Your choice is granted

Molecwlar Devices and Tools for NamoTechnology




SNOM aperture cantilevers

__400-600 nm

70 deg 100 nm

- Pyramid LxWxH = 20x20x13 um;
- Aperture around 150 nm;

f

Bottom FIB milled - Both for contact and noncontact modes.
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nm

EHT = 10.00 kY Signal A= SE2 ESBGrid= 87V Date:23 Sep 2010  Tin Mag = 68.79 KX WD = 4.0 mm EHT = 10.00 kv Signal A = InLenESB Grid = 87V Date:23Sep 2010  Time :15:42:20
Noise Reduction = Pixel Avy. FIB Probe = 30KV:5 pA System Vacuum = 1.18] FIB Lock Mags =Ho  FIB Imaging = SEM Noise Reduction = Pixel Avy. FIB Probe = 30KV:5 pA System VYacuum = 1.07e-006 mbar
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NT-MDT

Molecular Devices and Tools for NamoTechnology

Mag= 8107 KX WD= 25mm EHT=1000kV Signal A=InLens ESB Grid= 87V Date:22 Sep 2010 Time :10:35:53
Neond0 ESB-3511 FIB Lock Mags = Ho FIB Imaging = SEM Noise Reduction = Line Avy FIB Probe = 30KV:5 pA  System Vacuum = 1.86e-006 mbar




TERS AFM probes (based on VIT P model)

— Enhancement factors: 100x and more

— Lateral resolution in TERS: down to 10nm ,o _EXcitation = 632.8 nm

— High speed TERS mapping ©
. : : . . x
— Top-down illumination configuration (opaque =
samples) @
)
— Increased lifetime (more than 1 month). =
=
=
©
e
i 184 > 0-5 T T T T T T T T
EE LY 0 200 400 600 800 1000 1200 1400 1600
% - Raman shifts (cm™)
'E o —— tip off Exposure =20 s
& ——— TERS cantilever on Exposure = 20 s
e ] —— AFM Si cantilever on Exposure =20 s
0 L Gold tip on Exposure = 2 s

Raman shifts (cm™)




NT-MDT and AppNano common project of a new
SThM system with thermocouple AFM cantilevers:

* Direct temperature measurements at the probe’s
top;

* Quantitative measurements;

« Large temperature range.

echmoloay. APPNANO Carbon fibers embedded in
Tip ROC (nm) 100 nm > 50nm epoxy
Lateral Thermal Resolution 100 nm up to 20nm
Thermal Sensor Thermistor Thermocouple
Location Near the Apex At the Apex
Maximum Temperature 160° C 700° C plus

Thermocouple

— b
‘y II
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—

Thermistor Heater




SEM 1mage of tip with plasma process growing
carbon whisker , radius of curvature — 1 nm!

(carbine form - ——(C=—C "=u__




Piezo ceramic Cantilever with diamond crystal tip for hardness investigation
of hard and ultra hard materials

TEM immade of tip




Piezocantilevers
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Figure 4. SEM images of representative (a) 300 x 100 pum and (b) 70 x 30 um silicon piezoresistive
cantilevers used for noise measurements and AFM imaging. (a) The large-sized piezoresistive cantilever
has a meander-like patterned heater resistor for thermal actuation (close to the free end, not used in @@
measurements) and two active piezoresistors (close to the fixed end). (b) The small-sized piezoresistive
cantilever has two active piezoresistors along its length.




SCL Sensors
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Censitivity

a Optical readout Piezo-resistive readout
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Dukic, M., Adams, J. D. & Fantner, G. E. Piezoresistive AFM cantilevers surpassing standard optical beam
deflection in low noise topography imaging. Sci. Rep. 5, 16393 (2015).
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5x5 nm, HOPG,
VEGA-2017

Peptide nanotubes of
diphenilalanine. 88 mkm.
Dielectric constant




PFM Amplifier

BLU_322NTF - Controller 9, SAMO1 Signal Access Module

Digital feedback

SPM controller for NTEGRA systems (6U case). Contains multifrequency AFM board with DS.. BL_PFMA100

Bipolar HV board XYZ ( 4 300V). Power input 90-240V, 50Hz/60Hz. Power 200 W. Allows ~ External PFM amplifier (-100V; +100V),
installation 2+3 additional expansion boards:- High Voltage board for flexture stage operation Band: DC — 500 kHz, dimensions

® NT=MDT Development

(BRHV030)- Thermocontroller board (BRTCO15, BRTC020)- Operational board for 25x17x5.5cm. Must be used with Signal
Nanoindentation (BRINOO3) Access Module SAMOI.
2 BRTCO015
Thermocontroller boardSUO4SNTF, SUOOSNTF, BLOIEMF

SCCOBNTF SCCOINTF liquid and EC cells for Ultra
controllers. Operates: SU_Next, with temperature
control. Should be used together with BRTCO20 if
cooling is needed. Consumed power: 80W.Big.

BRTC020

Power board for chiller.Small. External controller for electromagnets of
EMF series



¢ Number of scanning signals: up to 24

** Signal processing: buffer size 512 Mbit, 3x 340 MHz FPGA, 320
MHz DSP Synchronous detectors: 2 analog LEDs, 3 digital LEDs
(support for multi-frequency AFM techniques)

¢ Generators: 6 digital oscillators, 32 bit, Synchronous detectors

¢ Bias voltage: +/- 10 V AC and DC (independent bias to sample and
probe), +/- 150 V AC and DC (optional)

¢ Self-diagnosis: automatic



¢ Auto-tuning of scan parameters: drive amplitude, synchronous detector gain,
operating point of the OS circuit, amplification of the OS circuit, scanning
speed, configuration of advanced techniques

¢ Automation options: setting up the optical recording system, multiple
scanning for a given scenario within the area of 200x200 mm (for VEGA
SPM), overlaying optical and AFM 1mages, panoramic optical review,
autofocusing on the cantilever, autofocusing on the sample

¢ Programming tools: Nova PowerScript language, integration with LabView,
integration with user database

¢ Database of received images Interface: USB



NTEGRA SPM System

SPH scanning unit for variable-temperature
atonic-resolution measurenents In gas and liquid

{with optical detection headd

2 P~ Y

[oussar] /@
Heating stoge Cup to 300°C)
Top
$PM controller

2 Replaceoble scanners
3x3x2.5um, 10x10x4un, SOxS0xSun /@
0,
-150V, bipolar Z,

Replaceable scanner S0xS50xSum
WWM?%M
=gdditional Input to put loteral force signal to lock=in,

with copacitive sensors
-4 L tors,
O M om bus with external connector
for add-on modules.

Central unit with Integrated
bottom-up objective (For high optical Stablity),

Imnersion objectives can be used

Compatible with Dlympus and Nikon
Inverted microscopes. T

N NT-MDT
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SPM scanning head SMENA 300°C

Ya-

NTEGRA SPM System
Close loop semidigital controller P8

and digital controller - P9

(For heating stage up to 300°C)

' SPH head for lum optical resclution
!-\\
) S
S P By
I"f
oA
t!
% .",,5
q tical head # tureless SNOM
(- Eb or aper S5

Universal base ry
(also -~ modified version for low vacuum <10 ~ torr)

Kontpoiep BL222RNTF






EC NTEGRA:
RA: AFM and STM Design
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The Design of EC Cells for the NTEGRA




Effect of a substrate on the structure
of monolayers

‘3 i o -~ e
13x13 nm? |16 x16 nm?
J. Am. Chem. Soc. 127, (2005)
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Corresponding
member. NAS
Ukraine, Prof.
Alexander
Marchenko
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Force

: intermittent-contact
repulsive .
: (semicontact) .
force | -
'  tip - sample
' distance
attractive :
force E
a—
contact

region



Contact Scanning Modes

\

-+ B

Constant Force Mode | ateral Force Mode
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Contact Scanning Modes

Constant Force Mode

Monoatomic stapes of Car, epitaxial layers on Si



( Lateral force microscopy )

C HOPG ) (" Graphen, 30x30 Mkm )




Contact Scanning Modes

Spreading u.sistancc imaging

! bias voltaoe

(A>

5 Z Axis,nm
o

0 01 02 03 04 05 06 0.7 08 09 um

AFM images of In,O;(left) and spreading

resistance maps (right). The scanning
area1s 1 um x 1 um. The spreading
current 1s superimposed on the relief

image. The bottom right 1s a 3D 1image of

flow and relief flow. The voltage between
the sample and the probe 1s U=2.3 V.
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Kelvin Force Microscopy of Metals & Semiconductors

Soldering material - Bi/Sn alloy CdTe nanowires

topography surface potential topography “suface potential

«— 10wum ——> «— 10wum —»

Work functions: Bi —4.22 eV, Sn —4.42 eV

T9 Si n-type staircase IMEC
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Stray capacrtance compensation

A method has been developed in the NT-MD T company to compensate the
stray capacitance

There have been suggested two sequential steps

to compensate stray capacitance:

1%

peryiMpyemMan emrocTs Baphrana

—- | ~ namepuTensHan ronoera

UtFEK[C (Ve )+ C-Cylsiniwt)

Electro-mechanical: a ring-shaped
compensation electrode 1s placed above the
cantilever and the chip

- compensation achieved i1s about 0.01 pF

\/

U~ C(V) +const

AAPAINTHAR @MKOCTD

Sio,

2. Electrical compensation: one of the
measuring head inputs 1s connected to the
device bus line through an voltage variable- Ve + Vasin(ut)
capacitance diode -

- it compensate the stray capacitance to about

0.001 pF




Contact capacitance microscopy- SCM

TG I n-type \
i ‘ | A or,

C-V curve, point 2

dC/dV-V curve,
point 2

Different character of C-V and dC/dV-V curves allows

to determine the type of semiconductor material (p-
or n-).

Curves are measured without any averaging; time of measurement in
each point of curve is 1 ms

N NT-MDT
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Cantilevers for thermoconductivity measurements

APPNANO The Difference

SThM Probes

Conventional APPNANO

Technology
Tip ROC (nm) 100 nm > 50nm
Lateral Thermal Resolution 100 nm up to 20nm
Thermal Sensor Thermistor Thermocouple
Location Near the Apex At the Apex

XY resolution 25 HMm,
0005K —tempERaiiiE
resolution

Maximum Temperature 160° C

W—_J

N NT-MB§ mistor Feater

Spectrum Instruments

700° C plus

Thermocouple

L L
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Christopher Gerber suggested working as an oscillating cantilever, 1992, which President Digrtal
Instruments Dr.Vergll Ellings called Tapping mode

N
D NT-MDT Your choice is granted

Spectrum Instruments



Intermittent (tapping) mode — nondistructable AFM for the flax materials

Contact (left) and resonant AFM mode image of the polymer membrane. On left image all
thin veins were crumpled during the scanning in the contact mode



Intermittent contact AFM IC AFM. Phase imaging




/x/ um AFM image of two H. Pylori bacteria converting into coccoid form.
Image made by Dr. LA. Budashov, MSU, Institute of Biochemical Physics
Sample: Dr. K. T. Momynaliey, Scientific Research Institute of Physical-Chemical Medicine



5 Z Axis,nm

4

0 01 02 03 04 05 06 0.7 0.8 0.9 um

AFM images of In,O;(left) and spreading resistance maps
(right). The scanning area 1s 1 um x 1 um. The spreading current
1s superimposed on the relief image. The bottom right 1s a 3D
image of flow and relief flow. The voltage between the sample

iasthicspriobe 1s U = 2.3 V.
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5

transparent electrodes from In,O

e O mKim



One serial of Phase images of one isolated polyethylene single crystal deposited on
clean mica and annealing with in-situ NT-MDT heating-stage

Phase imaging of
malting process

(M. Tian, DPI, TU/e)



AFAM — High resolution Young module distribution

Balk resonant
oscillation in the
contact mode

ik 1+cos(c,/ f, )cosh(c, [ f,) (c, AT
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1-st pass.
Sample profile
acquisition.

24 oTMeTOK «HpaButcsa»

ntmdt #MFM image of 1TB #harddrive
fragment captured by #ntmdt NA_FM/CoFe
magnetic #afm probe demonstrating 30 nm
lateral resolution in air. #scan size: 10x10
um. Image courtesy: Arseny Kalinin.

z #nanotechnology #HaHOTEXHOIOIMMNA
B R #microscope #microscopy #science
X #datastorage #HTMAOT
W #atomicforcemicroscopy
fancy_corpse @ T
X

Copyngnt @ NT-MDT, 2009 v .ntmat.com

Bonaute, 4Tobbl NocTaBUTL
«HpasuTtca» nnn ocoo
NPOKOMMEHTUPOBATb.

o
MFM image of magnetic memory disk fragment

e cantilever Measurement step -10 nm, Arseny Kalinin, NI-MDT SI,
January 2016, NTEGRA-Prima

N NT-MDT
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Thermal Acoustic,Vibration Enclosure

Time Plots of Temperatures of Sample

3 Location and Room
[ )
32
Sample
31 Location
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§ °
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Temperature stability
better than 0.005C

Thermal drift lower than
0.2 nm/min
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High resolution, low noise and drift, a full set of functions

Improved Optical Beam Deflection Sensor noise

<25 fm/\Hz

Improved Hi-Voltage noise <1mV/600V
Time-proven capacitive sensors Closed Loop

noise: < 0.3 nm

3.5%3.5 nm
HOPG atomic resolution,
STM mode

N NT-MDT

Spectrum Instruments

1.5%x1.5 um
DNA on mica

AN

T s :

N R N NN LN

e T SN YN RN
W NN \~_~\\_*\_"._ .

LSS LA
\\.7 ,\\_ %" .‘_\_. W\
5 ‘ . \. \\. X \‘ ~ \-

“w % \' -..l \' \ . .
. : . 3

TN
- . %

7X7 nm
Calcite atomic resolution,
AM-AFM in liquid

Calcite atomic
resolution, AM-
AFM in liquid,
300x800 points,
scanning speed —
2Hz. NSG probe.



Fragments of DNA molecules

SEM 1mage of carbine
whisker tip

20
Distance

AFM image of high-resolution DNA triplex poly(dG)—poly(dG)—poly(dC) (Dmitry Klinov1, Benjamin Dwirl,
Eli Kaponl, Natalia Borovok, Tatiana Molotsky and Alexander Kotlyar - Nanotechnology



HybriD mode: Topography, Elasticity modulus, Lift and Land Adhesion, Work of
Adhesion, Current,Viscoelasticity — based on each point Force-Distance dependence

registration

Force-distance curves
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&*Z(x.t)

J\.

Basics of the Osclllatory Resonant AFM Modes

Euler-Bernoulli Equation

6*Z(x.t)
ax4

Z(x.t)
ot

2
+a

—+2
ot P

' g _i” g
V1+G 31n9—N[[Fa EIZC

1 JT
2 T ) b el
V1+ G~ cosf = Njo{Fa+F;:KZC+Acosy)cosycb/ GA

N NT-MDT

Spectrum Instruments
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Amplitude Modulation w/
Phase Imaging

AM-P|

Amplitude Modulation w/
Frequency Imaging

AM-FI
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Amplitude Modulation/

Frequency Modulation - FM

Frequency Imaging - AM-FI
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Basics of the Hybrnd Mode

Predecessors
,_.,; H. Becker. et al “Stylus profiler featuring an

-
v oscillating probe™ US Patent 2728222, 1955.
V. Elings, & J. Gurley “Jumping probe

microscope” US Patent 5.229,606, 1993.

Pulsed Force (Witec), Jumping Mode

H (NanoTech). Peak Force (Bruker), Anasys

Temporal Deflection Plot — The Bank of the Local Properties! Real-time Wavelet Filtering
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CBoWcTBa maTtepuanos,
nony4vyaembie N3 CUNOBOW KPUBOW

qu
I Baseli Phase
DMT fit for Stiffness linear separati ——
IV 1' ng “vllC"u Separation (long range forces) -~
modulus 1egle>>10n\

Oscillation
Damping
Stiffness

2 points
Oscillation Frequency

time

Deformation

Peak Force

I

Snap-in
Peak

Repulsive
Contact Time

3 :
5 Amplitude Ratio .

“ \ . Adhesion
v - Dissipation ; j |

Tip—ﬂﬂmple Sﬂpﬂl’ﬂtiﬂﬂ e ‘ Contact Time ’

Adhesion

N3 KaxXXoi CUITOBOM KPUBOU BBIYMCIISIFOTCS CEAYIONIE 3HAYECHNS:
*BricoTa penbeda npu 3agaHHon cuiie nmprskuMma (Set Point)
*Moayib yrpyrocrtu

eCuna aare3uu

eJledpopmanys (TBEPIOCTD)

e DHEPrus AUCCUNALUN

*JJoOpPOTHOCTD 3aTyXaroLMX KOJICOAHUN

N NT-MDT

Spectrum Instruments



Probing of Local Mechanical Properties

Quantitative Nanomechanical Measurement s in Hybrid Mode

Y mlDRE Elastic Modulus
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Compositional Imaging of Heterogeneous Materials

PS/LDPE
AM-P| AM-H

Frequency. g




Visualization of Microporous Polypropylene Membrane (Celgard™) (NTEGRA, P8)
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Case 3: Exploring Au Nanorods

52

i\ A
-~
/\f

20 nm
5 SRS =

A
o~ |
i !

{111} : {100} {100}

Citrate-seed, W/O Ag" CTAB-seed, W/Ag"

Ongoing cooperation with Prof. Nicholas
Kotov, Dr. J.-Y. Kim (Uni Michigan)



LIVING stem cells
Topography Hardness
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An array of data from |80x300 power curves allows you to build a stiffness map of
the sample (on the right) and an image of its relief (on the left)

N NT-MDT

Spectrum Instruments
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Spectrum Instruments

HybriD Mode: composite materials study
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Studies of Local Piezoresponse

High-Voltage Piezoresponse Force Microscopy

A "V 4

*  Amplitude
*  Phase

*  X-component
* Y-component

A 4

Laser

Vertical

*  Amplitude
«  Phase Photodetector
*  X-component
* Y-component

The key feature of PFM applications is the contamination free
detection of the small amplitude and phase changes of a sample
piezoresponse induced by applying the external voltage. In our
microscope the only way to achieve this is by applying the voltage
excitation to the sample by a separate cable with the probe being
grounded. Additionally, a low-cost PFM amplifier was designed and it
enables the excitation voltages up to 100V.

Broadband (up to 4 MHz) electric modes.

N NT-MDT

Spectrum Instruments



PFM domain structure 1mage on Three Glycine Sulfate

Topography

Triglycine
sulfate
HGEpslo@

Curie Temper.
4l iciol@

PFM: 3V@7/0
kHz

Variable
Temperature
Studies

Sample courtesy
Dr. R, Gainutdinov

(Moscow)

N NT-MDT

Spectrum Instruments



Piezoresponse
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| S Conductiv AFM Probe
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I | Domain
| window |4 a) b)
LF curve ‘ Applying voltage
Lateral PFM: Gating “time recording dh R
* Amplitude [<— window”, - s
* Phase al processi
SIgna processing Photodiodé 4_6.)
Vertical PFM: Gating “time
s Ampﬁtude <—| window", e
* Phase Signal processing
- Topograph DFL curve . S —
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« Adhesion [=—{ Signal processing |- 3
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Controller HybriD 2.0 ﬂ)’bl”i D PFM

Topography Adhesmn
Bem Y RSO T g A
R “f*".i"f\i’ - A z (Out-of-plane)

? 'L
s

g A x (In-plane)

J-‘[Y"

Mo ~.fl' 3
arbe

R e L

HD PFM koHTpacTbl menTuaHbIx
HAaHOTPYDOOK Ha AMDEHMAANAHMHE!

Sample courtesy: AL
Kholkin, University of
Avelro. Pasmep ckaHa 5%5
MKM,

Elasticty ~ PFMPhase (LF)



D PFM: The results of measurements

KINT-MDT |,

Spectrum Instruments

*sRetraction of the probe at each point allows measurement of the piezoelectric response of fragile and
poorly fixed samples by minimizing the lateral interaction of the probe with the surface

¢ The possibility of simultaneous carrying out of resonance electrostatic measurements makes it possible
to analyze images more comprehensively.

Topography of sample The Phase of lateral Adhesion force The dielectric constant
piezoresponce

Peptide nanotubes of diphenilalanine. 8 X8 mkm.
Arrows indicate the direction of polarization of the tubes.
The sample prepared by: Dr. A.L. Kholkin, University of Aveiro, Portugal



N NT-MDT

Spectrum Instruments  (1YDriD PFM:The results of measurements

“*Accounting for the drift of the cantilever beam bend at each scan point Allows correct
measurements of the piezoelectric response at a sample temperature gradient

Profile of surface Piezoresponce Piezoresponce Cantilever bendingnm T, °C
amplitude Bt Phs eH0 100 35 60

N L
—h
[

y
—
> —
' =

k

’
A
l

A sk A

Triglycine sulfate crystal. 8 X |5 tm.The transition through the Curie point is demonstrated when the sample
s heated from 35 ° Cto 60 ®° C during continuous scanning. Sample provided by R. Gainutdinov, IC RAS



E NT-MDT HybriD PFM: The results of measurements

Spectrum Instruments

“* OTBOA 30HAQ B K&XKAOWM TOUKE MO3BOASIET M3MEPEHME MbE3OOTKANKA

00pa3LOB C CMABHO Pa3BUTHIM PEAbeDOM

“*BO3MOXHOCTb OAHOBPEMEHHOTO aHaAM3a MOAYAS YIIPYrOCTM M CUABI aATE3MM 30HA-ODPa3ELL MO3BOAAET
MOAyYeHMe BoAee KOMMAEKCHOM MHPOopMaum 06 obpasLie

Peanbed asa AaTeparbHOro MoayAb Cuna aaresmm
MNOBEPXHOCTW Nbe300TKAMKA YnpyrocTtu 30HA-0bpasel

P
Yy
LNy

MaTpuua koamareHa cTpoMmbl ceTyaTku. | 5% |5 Mkm, nepenaa BbicoT 900 HM.
O6paszew npeaocTtasaeH: M. Paukshto, Fibralign Corporation, USA

“* Retraction of the probe at each point allows measurement of the piezoelectric response Samples with

highly developed relief
“* The possibility of simultaneous analysis of the modulus of elasticity and the strength of the probe-sample

adhesion allows obtaining more complex information about the sample



Nanointendation

Indentation of the metallic material surface. Imagine  Topography of aluminium alloy D16 after indentation.
option Is necessary for studying the pile-ups The same probe is used for topography scanning and
surrounding the residual imprint following indentation of the chosen areas

Conductivity map of the golden film on the silicon
substrate

LINT-MDT Your choice is granted

Molecwlar Devices and Tools for NamoTechnology




AFM Lithography

Local oxidation of Ti, TiO, on Ti Current Lithography, 512*512 points,

Ti oxide on Ti, NRAGRA System with
capacitance 3-D positions sensors

nm

N NT-MDT

Spectrum Instruments



SPM constructive Lithography (Au, selective adsorbtion)

)

World Without Weapons nn
P. Picasso, 1962
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568

508808 8.5

Maoz, R., Frydman,

aa CAP 1090 1508 2680 2508 ni @ 508 1860 1508 2000 2508 M E., Cohen, S., Sagiv,
Friction (monolayer) Topography ( bilayer) J. - J. Adv. Mater.

2000, 12, 725 — 731.
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Topography ( colloidal gold pattern)
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Multi-scan
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Multi-scan

ulti-skan system allows you to
oet several consecutive AFM
images, and then stitching them
INto a single scan

SiZze mcastiEearaee =
scan stitching |

280x280mkm



SOLPER-PIPE

Defectoscope based on AFM

Non destructive testing
Works in any position

Motorized X, Y stepper

>
High-resolution optics
\

INTEGRATED SOLUTIONS FOR NANOTECHNOLOGY



SOLVER-PIPE
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1) Lever sizes and the pyramid position:

NT-MDT cantilever SNOM:
contact AND non-contact probes

Pyramid LxWxH = 20x20x13 (70 deg)

Probe Resolution TR@ 473 Visible in camera
1 contact 150 nm ~3*10-4 Yes

1 contact 2 .3*10-4 Yes, not clearly

1 noncontact | 110 nm ~0.16*10-4 | Yes, not clearly
2 noncontact | 120 nm ~0.5*10-4 yes

3 noncontact | 135 nm ~0.7*10-4 yes

4 noncontact | 100 nm ~0.2*10-4 yes

5 noncontact | 150 nm ~1.6%10-4 yes

2) Tip shape and aperture size:

Bottom FIB milled

/7..-400-600 nm

Pyramid (SiO2) thickness 400-600 nm
3) Coating: Al, about 100 nm, coating from bottom side. Bottom FIB milling is done

after coating. Typical aperture diameter about 170 +£25nm.

Spring Constant Thick
pring ~onstan Frequency (kHz) | Length (micron) | Width (micron) I? ness
(N/m) (micron)
Nominal[Min [Max|NominaljMin|Max|Nominal|MinIMax|Nominal|MinIMax[Nominal[min|Max
NonContact| 16.5 |5.939.0] 130 |88 ]180] 200 [190j210] 55 |54|57 4 31]5 Al depositionon tip side
FIB from pitside
Contact 1.01 0.41)2.30} 20.8 | 15] 27 500 J490}510 55 54 )57 4 315 F




Magneto-optic effects detected by cantilever based aperture
SNOM

Wiy

um um

Far-field and near-field cross-polarization images from the same area of thin garnet film 20x20 um (top) and
|Ox 10 um (bottom). 473 nm laser used. Comparison with MFM images from same sample (right).

Sample courtesy: I.V. Mikhailova, A.R. Prokopov, A.N. Shaposhnikov. Vernadsky Crimean Federal University



SNOM of quantum dot photoluminescence
InP quantum dots, GalnP cap layer

o 02 04 06 08 10 1,2 1,4 1,6 1,8um
o 02 04 06 08 10 1,2 14 16 18um

AFM Topography PL SNOM, 700-770 nm : PL SNOM, 800-8 10 nm
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Counts

760

2
02 04 06 08 10 12 14 16 18um 02 04 06 08 10 1,2 14 16 1,8um 02 04 06 08 10 12 14 16 18um
Cap layer only (QDs not visible) 20-50 nm dia. QDs 100-200 nm dia. QDs
2x2 pm scans =
Simultaneously obtained topography (left) and 1190
SNOM maps of photoluminescence (PL) in 440
700-770 nm (center) and 800-810 nm (right)
spectral regions. 100x100 pixels, 0.1 s/point -
Images obtained by cantilever based SNOM in 800‘_
with excrtation and collection via the same 700 -
SNOM aperture — T T T T T T
550 600 650 700 750 800 850 900

Wavelenght, nm

A. Mintairov, A. Ankudinov, A. Shelaev, P Dorozhkin, loffe Institute & NT-MDT



Whispering gallery light modes in microdisks with InP/GalnP self-organized quantum dots

SINFOIM P, 7372 7335 (AR
TE20 mode

Topography

900

150

.

850

100
nm
800
Counts

50

750

0,5 1,0 1,5 2,0 2,5 um

SIN@IMERIE 755757 hm
TEIs mode

Simultaneously obtained topography (left) S SNOM |
and SNOM maps of light whispering gallery § / \ photoluminescence (PL)
modes in the ranges /53-/57 nm band § “' \ / spectrum
(center) and 732-735 nm (right). 100x100 & Q ~1000 '
pixels, 0.1 s/point g S = 1
Images obtained by cantilever SNOMwith |
side illumination

550 600 650

A. Mintairov, A. Ankoudinov, A. Shelaev, P Dorozhkin, loffe Institute & NT-MDT

700 750 800 850 900

Wavelength, nm




Optical tweezers

At r> A, scattering of Mie takes place, we can use the approach of

wave optics.
(@ (b)

laser light in
intensi

Ob6bsicHeHMe Ha OCHOBE BOMHOBOW ONTUKW. Koraga wap cMellaeTcs OT LieHTpa ny4ka,
Kak Ha pUCyHKe (a), Hambosbllee N3MeHeHne nmnynbca nyvyen ¢ bosnbLien
MHTEHCMBHOCTbLIO BbI3bIBAET NOSIBNIEHME CUIbl, HANPABNEHHOW K LLEHTPY JIOBYLLIKK.

Korga wap pacrnonoXeH B LeHTpe nyyka, Kak nokasaHo Ha pucyHke (b), cuna
YKa3bIBaeT B CTOPOHY CY>XEeHUS



Department of Physics Bangalore University,Praveen Parthasarathi

ba3oBbI BapuaHT NuHUEeTa Ha 6a3se
NHBEPTUPOBAHHOIO MMKpOCKONa

Tonbko 3axBaT YacTuL, 6e3 n3aMepeHnss CUnbI.

specimen

plane

objectve :

: optical
y trap




Institute of Fundamental Technological Research,
Polish Academy of Sciences, Warsaw, Poland,Filippo Pierini
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Institute of Fundamental Technological Research,
Polish Academy of Sciences, Warsaw, Poland,Filippo Pierini

&

‘ White Light
Quadrant Photodiode AFM Cantilever

"/ PO, = sf?,..

Dichrode Mirvor 1
(HR= 1064 mm ~ 633 nm - 532 am)

Mirror 10 . Pelarizing Fibear 1
(lll-m-) Io-Splh-rI m‘l“‘-—mlﬂ_
- 532 am) Dichrobc Mirror 4

(HT= 1064 pm - 633

Mirrer 3
(HR~ 1064 am - 63} am - 512 am)

HR~ 532 om)

Half Wave Plate 3 s R
Mirror 2
Filter 2 (HA= 1064 nm) SO

Dichroic Mirrer 9

Pelarizing (HT= 63} am - HR~ 1064 am)
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[Ipumepbl NpUuMeHeHU4A

MaHunynsayma HaHoobbeKTaMun

Optical Microscope AFM



Surface functional groups, how to find out
what they are!



Molecule vibrations and absorption. Emission of light

G Jlazep: 473 nm

30 intensity, 103Counts

.l.l.l.l.l.l.l.l.l.l.l.l;!.l.l,l‘l

Variations with a change in the polarizability, Raman spectroscopy



NTEGRA-SPECTRA-II, 2016
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Operation scheme

MpuHUuKMn paboTbl

Beam splitter

CL scanning
mirror

CL

scanning
mirror

J

Objective
-

bjective

Scanner

Objective
CL scanning

mirror \‘

PMT Spectrometer

| o
(ol
Grating 1
Grating2 |
Reflection module Grating3 m
Pinhole Echelle grating O

Laser

Confocal modul

Pinhole
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Graphene, AFM + Confocal Raman spectroscopy A single scan - a lot of data

Lateral Force Microscopy Electrostatic Force Microscopy Force Modulation Microscopy
(friction) (charge distribution (elasticity)

| |ayer

== 2 |layers

Capacitance Microscopy AFM Torap AV Scanning Kelvin Probe Microscopy
Size: 30%30 um (surface potential)

Raman Map, 2D Band position Raman Map, G-band Intensity



Flakes of graphene on 51/510,

NHmMmeHcusHocmb G rnosiocsl

1

—— Multilayer
— Single layer

Inensity

-

1500 2000 2500 3000
Raman shift, cm™

NHOeHcusHOocmb 2D rnosocei PamaHoecKkulu criekmp



TERS of Carbone nanotubes

Resolution: ~ 100 nm
-

Resolution: ~ 50 nm

- - .

Resolution: <14 nm

Chan KL, Kazarian S.G., Nanotechnology 21,
445704 (2010)

S.S. Kharintsev, G. Hoffmann, PS. ublished

Dorozhkin, G. de With, and J. Loos,
Nanotechnology 18 (2007), 315502

0

Chan KL, Kazarian S.G. Nanotechnology 22, S. Kharintsev, G. Holffmann,A. Fishman. & M. M. Zhang, ] Wang, Q. Tian, Optics
175701 (201 1 Salakhov ). Phys. D: Appl. Phys. 46 (2013) Communications 315, |64 (2014)

N NT-MDT o

Spectrum Instruments



s-SNOM Head with IR objective

Sarin

Wavelength (pm)

glucoseé?" aromatics
ethanol @
TATP
ethylene
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L NT-MDT NTEGRA IR

Spectrum Instruments

Detector
IR laser

Objective

NTEGRA IR principal scheme

* IR microscopy and spectroscopy with |0 nm resolution
* Wide spectral range of operation: 3-12 tum

* Incredibly low thermal drift and high signal stability

* Versatile AFM with advanced modes: SRI (conductivity), KPFM (surface potential), SCM (capacitance), MFM
(magnetic properties), PFM (piezoelectric forces)

* HybriD Mode - quantitative nanomechanical mapping

* Integration with Raman (optionally)



NTEGRA NANO INFRARED: s-SNOM investigation in IR Spectra Region
\ ¢ /
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Contrasts of IR absorption and reflection on polymer structures

Thin film of polystyrene / polyvinyl acetate on the surface of [TO

IR Nano-Reflection -

The surface relief (on the left), the contrast of the IR absorption (in
the center), and the IR reflection (right) VWavelength: 10.6 t4tm The
absorption and reflection contrasts were obtained by sequentially
measuring the s-SNOM signal for two positions of the reference
mirror of the interferometer. The Initial setting of the mirror position
s performed over the [TO substrate




Ultrafine films: monolayers of oligothiophene on silicon

o~ : 1.0

04

[SISSSIITIITIITISETANTIRRR Y

w= Re (Refl.)

vy V]

0.0

ITIIIIIIIIIIIIIIIIIIIIIllllll

05 1.0
X (um]

The surface relief (on the left), the contrast of the IR reflection (in the
center) and 1ts cross section (on the right) Wavelength: 10.6 (U m In the IR
image, each of the steps with a height of 3.4 nm Is well solvable

Sample courtesy to Dr. A. Mourran (DWI, Aachen, Germany). Measured by Dr. G. Andreev (EVS Co)

1.5



Temperature dependences of s-SNOM contrasts:VO,

KL

Imposition of contrast of IR reflection and surface relief at 27 ° C (left) and 6/ ° C (right)

Sample courtesy to prof. Liu (Stony Brook University, New York, USA)



Bipolar transistor (Si) Skew plate with a planar p-n-p transisto
- _m

o
Al
e . €
| =
=N l 2
=N K I
_______ ” _ + poly, 6E2 i 1
[ [
X ]
‘ L1
The electron microscope .. however ASNOM
basically distinguishes distinguishes even Si alloying
. materials ...
i.i
o [ ——\ s AI T
S 0 5 10
fast [um]
B [ E BL -
x o
.
N
G 0o
¢ £
i s .
o
w

Infineon Mag = 8.00 K X 1pm EHT = 5.00 kV Signal A = InLens Date :12 Jul 2004
WD = 3mm

2

WA e

\ g I w2 PR AT N SO SR, S A R e R AL SO ; " 10
Image No.: 24 Sample No.: 1 Tool: SEM - 0
ﬂ NT' MDT Lateral pnp transistor, edge - Panorama with trench

fast [um]
Spectrum Instruments (1



Height IR image at 1660 cm
3

E
=

g

Image size: 15 um x 10 um
Optical Image

1664 AFM-IR spectra and IR imaging shows
: variation of IR signal at different sites.

Wavenumber (cm™)




FastSpectra: polyethersulfone

1400 1200 1000
Wavenumber (on ™)

Spectral assignments
O sym. stretch:1152.1295
CS0,.C asym., stretch: 1320

C-0 asym. stretch: 1000-1240

. . . np— « %A : 74
Benzene ring stretch: 1485, 15/8

-

Carbonyl: 1731

ANASYS




The development of ASNOM studies using broadband radiation sources - ASNOM

ALS

Lock-in ampl. CHPS 4 Synchrotron Source

) Tapping
5 of Frequency
~ OS5 w
=4 t
= of
‘f -05
E oo}

e — = = s Laser-tracked
Optical path diference d (m) Moving Mirror

d 9
: Rapid-scan FTIR
pod | H.A. Bechtel, E.A. Muller, R.L. Olmon, M.C. Martin, M.B. Raschke, Ultrabroadband
E A Infrared Nanospectroscopic Imaging PNAS, 2014, 111, 7191-719
° 800 900 1,000 1300 1200
Frequency @ (em™)
Pollard, B.; Muller, E. A.; Hinrichs, K. & Raschke,
M. B. Vibrational nano-spectroscopic imaging ::'" :' Near-Reld myﬂh'm;:mmm“
correlating structure with intermolecular coupling dal.:,é tip (10 pm long, 100 nm q;: diameter), which is ilnita::ex

and dynamics.//Nat Commun, Nature Publishing
Group, a division of Macmillan Publishers Limited
All Rights Reserved., 2014, 5, 3587

F.Huth, M.Schnell, J.W.N.Ocelic, R.Hillenbrand, Infrared-
spectroscopic nanoimaging with a thermal source.//Nature
Materials, 2011, 10, 352-356
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NANOEDUCATOR-II

S

LOINT-MDT

o




NANOEDUCATOR-2 allows and obtains atomic resolution, and

measures the sizes and properties of microcircuits and investigates
biological structures

Human erythrocytes, AFM HOPG, atomic resolution, STM
scan size 50x50 pym scan size 30x30 ym scan size 2x2 nm
—— I TE O AT WU TTOINY TR VAT TTCTIIYOTOG Y e —————————




Zelenograd Education Administration State comprehensive school Ne | |51,
Work of the puplil of | class "B" Nesterov Anton

solution. The tension is applied and the
wire is sharpened

‘ -
R ‘( ::':(_ - = .
4 \ -
A sharp needle is made of wire. It must L. B 8 | g =
be sharpened with a special device. N\ 2= Vo
i I 1 #w{ ‘m v, 07/03/2010 07/03/2010
The wire is lowered into a soap W ]

07/03/2010




NANOEDUCATOR: Nano-litography made on
plastic disk
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World Representations of «<NT-MDT Spectrum Instruments
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