Combination of Scanning Probe Microscopy, SNOM and
Confocal Raman microscopy

www.ntmdt.com

Contact: Dr. Pavel Dorozhkin, dorozhkin@ntmdt.com



Combined Scanning Probe Microscopy and Micro/Nano Raman
Studies of Modern Nanostructures

1. AFM — Raman — SNOM instrumentation

2. “Classical” AFM-Raman applications
(nanowires, graphene, polymers etc.)

3. Tip Enhanced Raman Scattering

KEYLscaning stage

4. SNOM applications 'y
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- (plasmonics, lithography, bio)
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* More than 18 years on the SPM market
* More than 1700 SPM _inst_alﬁlations Worldwide
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NT-MDT Product line
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SPM measuring modes supported by NT-MDT

Scanner A, Y, £
More than 40 possible different modes!!!
. STM T A l
. Contact AFM ‘1‘% _H, SPM
. Lateral Force Microscopy : & | processor
. ResonantMode -Semicontact .
«  Noncontact AFM mode TN et =
. Phase |mag|ng / "\. ; Photodinde .’ll‘l |
. Force Modulation (viscoelastisity) |
- Magnetic force Microcopy Scan by tip -> o S
. Electrostatic Force Microscopy
. Adhesion Force Imaging
. AFM Lithography-Force o
. Spreading Resistance Imaging (SRI) in Currents 30fA-50nA Phatodinde
- AFM Nanolitogrphy (voltage and scratching) =
. Scanning Capacitance Imaging (SCI) (dCdZ, dCdV) , e
. Scanning Kelvin probe microscopy (SKM) (Cantisver)
. Force distance curves oo ¥
. Force Volume
. Nanomanipulation Feedback
+  Piezoresponce Mode -
SPM

. Sample heating for in-siu melting
. IIV spectroscopy, I(Z) spectroscopy etc.

| processorr

—&=—, Coarse approach

« AFAM SE26 corem .
. Electrochemistry S
. SNOM
Stepper
Scan by sample -> it
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Cantilever XYZ- scanning +

independent sample XYZ-scanning
(6 Independent Closed-Loop coordinates)

+/ Upright microscope configuration

scaning stage
P 4
| AFM probe

w v

Turn mirror

CCh

AFD
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B grating 1
B orating 2
B grating 3
B mirror
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\ f - - upright Il Polarization
AFM probe
Visible arsa
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. - 633 nm
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Laser spot XYZ - scanning +
independent sample XYZ-scanning
(6 Independent Closed-Loop coordinates)




Optical system configuration
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Optical module by SOLAR —TIl - NT-MDT

All in one box. All is automated. Run by one program
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Main features of Solar confocal Raman module

- Easy change between 3 lasers (two mouse clicks, NO need to change
anything manually). Beam expander automatically adjusts to a chosen
laser and objective.

- Flexible polarization optics (all motorized, controlled by software).
Polarizers are installed both in excitation and detection channels. Cross-
polarization measurements available.

- Very high optical throughput. Special mirrors are used in spectrometer:
~98% reflection each mirror. Ultra fast imaging (30 msec per point and less)

- Confocal pinhole is motorized. Pinhole diameter is adjustable (to switch
between high throughput and confocal modes)

- Free slots (motorized) are available for additional filters/polarizers

- 4 different motorized gratings. 3 detection ports with various detectors

-Ultra high dispersion Echelle grating for high spectral resolution (down to
0.14 1/cm - pixel to pixel distance

ColN¥S YISk NTEGRA Spectra




Universal basement




NTEGRA Spectra

Inverted microscope setup (for transparent samples)

“AFM + SNOM + 3D confocal Raman microscope” system

Spectrograph
(Solar-TIl or other)

AFM-head

Laser V i

— — ~—Sample saanning stage

(Ar, HeNe, HeCd i !f o ik (100x,1.4 NA objective inside)
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NTEGRA Spectra in upright setup

“AFM + SNOM + 3D confocal Raman microscope”
system for non-transparent samples
Optomechanical unit
. (excitation, confocal and spectrometer modules)

BFM probe f : -
| Vizibla ares = 2 L !E:j

— . e

Turn mirrar

PMT _ i I
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\ High Aperture AFM
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NTEGRA Spectra, Upright + Inverted

(with one confocal Raman module)

+

EY L scaning stags

'1' AFM proba
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High NA
palles)
objetive
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Combination of AFM with Raman

One object — many techniques

Confocal
Raman:
imaging and
spectroscopy

Confocal
fluorescence:
imaging and
spectroscopy

Atomic-force
Mmicroscopy:
mechanical,

electrical, magnetic
properties and
nanomanipulations

|

T

Near-field

optical
microscopy

Conventional white
light microscopy
and reflected laser
confocal imaging

Tip Enhanced Raman and

Fluorescence microscopy

Measurements in air, in liquid or in controlled enviroment
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NTEGRA Spectra

Confocal Raman/Fluorescence - critical resolution
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Resolution t_egt: fgatures 200 nm apart are clearly resolved
Sample: Mineralic toothpaste

Resolution: < 200 nm

Line #1, Integral intensity

R11_pix_168_17d_avg-count

=

Hm
Raman map measurement parameters:

Objective: 100x, oil immersion

Laser: 473 nm, Grating: 150 lines/mm
Exposure time 0.3 sec

Spectra per sec: >3

Point number: 200x200 pix

ONT-MDT Such resolution can be demonstrated for EVERY system installed




Sensitivity: 4" order of Silicon Raman band is clearly resolved

8 .
= n «— Si line, 1st order, saturated ‘
S | £
2 Si line, 37 ord
= : i line, 3 order
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. 2" order of Si: ~ 300 000 counts
oS N 4th order of Si: clearly resolved
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Sensitivity test, Si (100)

L —
= 2"d order of Si line can be resolved even at
= 2 msec integration time!
% ]
E |
o
’\D_
L
: NB. “Classical” CCD camera was used (iDus, Andor)
= With the new EMCCD cameras (supported by NT-MDT)
= signal-to-noise ration is a few time higher
F]
<+ Measurement parameters
] Laser: 473 nm
Q | L g Objective: 100x, 0.95 NA
ot Si line, 2" order Exposure time: 2 msec
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Extremely high spectral resolution by Echelle grating

jLaser: 473 nm

Intensity,10°Counts

1Grating: Echelle

100

1Exposure time: 1 sec

1 5|0 1

iMeasurement parameters
1Objective: 100x, 0.95 NA
{CCD pixels H shift speed: 32

{Number of exposures: 15

Actual pixels of CCD camera are plotted

Spectral resolution: 0.26 1/cm (per
pixel) for 473 nm laser

For 785 nm laser spectra resolution
would be even higher: 0.1 1/cm per pixel

o

Si line, 1st order
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3D Raman mapping, Polystyrene microspheres

3D Raman___imag_e_ e

X,Y -resolution: 200 nm
Z — resolution: 500 nm

scan size 10x10x14 mkm

" ns
i I
1
1
~ '||
| '
: &
| !
g )y O
1
| | —
» : 1
-
3" i O
O oo i ~—
2l 1, ©
:"‘ﬂj : [ v
2 o il
s 1 1
E N
o 1
1
il
a | 1
a1 : f
| |t
um |
ol
=i
L IS | CESPTTIRTCE T TR RPRPRSRRS L SO B (8 NN LRI
o 0,5 1,0 1,5 2,0

Raman shift, 107 1/cm




NTEGRA Spectra
AFM - Raman “classical applications”

Quantum dots
Silicon nanowires
Stress in Silicon
Carbon nanotubes
Graphene
Bio objects

ey




Confocal Raman, Ge dots on Si

i

D
Ge line (412 cm™) Si line (520 cm)

Sample courtesy: Dr. Torzo
Data measured: I. Dushkin, NT-MDT
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AFM with 100x 0.7 NA objective in upright configuration —
for non-transparent samples

Optical AFM head

(100x,0.7 NA
objective inside) | - .7
~ Beam splitter =
¥
e deflectometer
AFM probe objective
s & = 55 i ~~ XYZscanner | &%
) " N e S i High MA
input&se s .
. ohjective
modulé - | /
NA=0.7
400 nm resolution
HF M proba
Vizible arsa
L
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AFM cantilever under 100x objective (in upright geometry)

-

=  Cantilever
- by ol ¥ 1 um height letters are
" readable — thanks to
AEM probe . 100x objective
Visible arcs " (see next slide for AFM)
[ %

.1:1

e’

| Black spot at the apex of

| cantilever is the exact
| point there the tip
touches substrate !

XYI scaning stage

AFM probe over a'str-uctured Si substrate-.“i/-i_w through 0.7NA 100x objective
Apex of opaque Si tip looks transparent on the image!
This unique observation is due to high aperture (0.7 NA) of the imaging objective

ColN¥S YISk NTEGRA Spectra



AFM cantilever under 100x objective —
you see precisely what and where you are scanning !

High M&
Xl
ohjsctive
I

NTEGRA Spectra




Simultaneous imaging and AFM scanning

1 um height letters (see previous slide) can now be resolved
with ultimate nanometer-scale resolution of AFM

Flwe subtraceed N Piene s

ﬂ «es ‘y .. ]
ab 8 0 a9 ® : Gt..... zoou ""' 500
J @ ® ® 5108 N

2 . o & s 2

=1 T . ... = 9
1‘5\ (-) A 1‘:‘;'. ... . 300
250 . . . . |

. - I \|

Topography 12.6x12.6 ym? Topography 12.6x12.6 ym?

AFM-image from the same sample area as on previous slide
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NTEGRA Spectra AFM — Raman system

Silicon nanowires
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Si nanowire, AFM topography

NT-MDT NTEGRA Spectra + Renishaw Raman microscope



Si nanowire

cantilever cantilever

"’"'.l

+ VIDEO I—“

POl IS NTEGRA Spectra + Renishaw Raman spectrometer




Si nanowire

AFM topography

-__',-l'

Fluorescence map

Raman map (main Si band)

Raman map
(stressed Si band)

Stressed Si

lPristine Si

]
520 570
Raman shift / cm-1

NT-MDT NTEGRA Spectra + Renishaw Raman microscope



Mapping stress in Si by spectral shift of 520 cm-' line

Stress distribution around nanoindentation in Silicon substrate

AFM topography of indentation in
silicon substrate

Scan size: 12x12 micron

o(MPa) =

-435 Aw (1/cm)

0.5 1/cm

Center of mass position shift of 520 7/cm silicon
line — proportional to stress distribution around
the indentation.

Spectral resolution: better then 0.1 1/cm

Data measured: S. Timofeev, A. Shelaev, S. Leesment, and P. Dorozhkin, NT-MDT

ColRE YIS El NTEGRA Spectra



NTEGRA Spectra AFM Raman system

Application to carbon nanotubes
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Sample: SWCNs, Overall Raman spectrum of individual NT agregate

Grating: 600 lines/mm G* Laser: 473 nm
I R . _____________________________________________ ______ Vo _____________________________________________ _____________________

30 Infensify, 103Counts

1 |2|0| Lyl

0 0;5 1,0 1;5 2,0 2,-5 Raman shiff, 103{/cm

ONT-MDT W els ) R )



Details of Raman spectrum (by high resolution gratings)

Grating: 600 lines/mm

20 25 30

10 15

=t Note extremely high spectral
e resolution of Echelle grating

G+ i Actual pixels of CCD camera are
" plotted
\A . :
Spectral resolution: 0.26 1/cm
(pixel-to-pixel) for 473 nm laser

30

| | .+ For 785 nm laser spectra resolution
] | wi | - is higher: 0.1 1/cm pixel-to-pixel

©

-«

5 10
— U

10
[#

1[1 1;2 1,-3‘ 1[4 1;5 1,6 Raman shit 1001 l. ....... 1"59 ................. 1I55 .................. 16ﬂ ................... 1IE|5 ................... . I .......... .
Grating: 1800 lines/mm

(ONER YIS NTEGRA Spectra

Grating: Echelle (for ultra high spectral resolution)




Intensity distribution of different Raman bands &

AFM topography image of mdlwdual NT agregate

3_pix_383_406_avy-count R3_pix_d57_#63_nwo-com RS _pin_#62_473 1

(=] (=]

0 1,0 20 o 1,0 20 0 L0 20 0 1,0 20
o e ol o 0 1,0 2,00 1,0

; ! M n Hm Hm
RBM-band D-band G- - band G*- band AFM phase AFM height

Integration time: 100 ms / point. 50*150 points.

Total spectrum was acquired at each point of the scan. After measurement, different Raman
bands are chosen and their intensity distribution is analyzed. All the images (AFM + all Raman
maps) can obtained simultaneously, in a single experiment, without any moving of the sample
or objective

ColN¥S YISk NTEGRA Spectra




AFM — Raman mapping of raw carbon nanotube material

RBM

| /
. | \

W A = - " P e el Ny

38 AbhS AAE B8 I&bl}&!ﬂdﬁﬂ-!ﬂimmwm!‘

D-band

|

[ I I
U | P —— o e St A

]

4 35E el 0h e el SO bt = e 0 e et e e i

AFM image, Raman spectra and Raman images of single-walled carbon nanotubes.
Amorphous carbon is visualized in D-band (1351 cm-1) while well structured nanotubes
are present in RBM- band (173 cm-t). Raman images size 5x5 ym.

Images courtesy of Dr.Kudryashov, TII, Tokyo, Japan.
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Different excitation lasers

Image courtesy, Dr. |. Kudryashov, Tokyo Instruments

488 nm excitation

' | __,_._,__J; 1__4;}- 'Lh_

Raman image of carbon nanotube raw rhatérial
1593 cm? (G-band)

ONT-MDT W els ) R )




Confocal Raman in polarized mode

ok owh owh omhow w
O=aRY EADYE D

O = K WE@E~ED ==

g LO= KUY EIRNBD

=
o I 2 El g ] 8

Confocal Raman image at 1593 cm? (G-band), 633 nm excitation
Image courtesy, Dr. |. Kudryashov, Tokyo Instruments
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Spectral integration time at 1 point : 100 msec



Sensing individual SWNTs on Si substrate

I Sil G-band
] T~
3 =

j Sill
£ 8 /
g I\' \Z
O ]
-
g g f{ 2D-band
-n D-band \

é | .650. o
%}
=

Rl S

0 05 1,0 15 20 25 30
Raman shift, 10°1/cm

"ONER IS Spectral integration time: 100 msec , laser wavelength : 473 nm



Carbon nanotubes: Work function mapping by Kelvin
microscopy

R
Bl B %

ZBB 35 BBEI & T . ) 3888 48688 58688
Topography SKM image
It should be noticed that SKM image reveals three kinds of nanotubes :
1) Nanotubes with electric potential about 1 V, these nanotubes have smallest diameter (about
1.5 nm)

2) Nanotubes with electric potential about 0.5 V which have diametr about 2-3 nm
3) Thickest nanotubes which give smallest contrast in SKM and have biggest diametr (4 nm)

Data measured: E. Kuznetsov, NT-MDT



NTEGRA Spectra

AFM - Raman of Graphene
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Graphene flakes: AFM & Raman microscopy

W <-4 layersn  3layers  50x50 um [N
2 B 1 N R o[
s \v g 2 layers - . NIk
“ w
=
4
"
< 7
70x70 u n ”
] 3 layers _ Nk
g 2 layers -
? LA e
R = =
) Lines Filling [graphene_coneééed;ﬁé'igmré s » i 50 |

10

o[BS &

o

50 60

3,2750

Angle=179,97°

X=199pum ¥ =3,28pm DX =-2,23um DY = 0,001 pm

1] 10 20 30 40
2D band center of mass

[olNE VIS NTEGRA Spectra Data measured: P.Dorozhkin & E. Kuznetsov, NT-MDT



Raman spectroscopy of graphene flakes

_ 1 layer From: Davy Graph et al., 2006
_2:252;2 | {a) . | single layer
J 5 layers - -
G-band 1k eF CH— - ‘/_
5 - 8oL BF N 1 )
= w Lo L1 1
Z AL ¢ ) —
(o 2D-band 1
D
E 2500 2600 2700 2800 2900 3000 ble |
3 layers ==
1 SIOO 2OI00 25IOO 3000
Raman shift, 1/cm bulk graphite
RS ' 777
3 layers G-band intensity _ 1 N\&—=2" = S ]
R wien_511_513_avg o - “ K |
2 layers AN o k)
= | __..-""T-’r r’ 1-“1:\‘:‘1‘“ - ,.-"'J’ _ K‘— 025ne
A7 A N el
5] 0.2 0 0.4 0.4 0 0.2
I K —M M« K —T
Double resonant Raman scattering —
origin of 2D peak
10 20 0 40 0 60
ONT-MDT Wy dels iRyl c:) Data measured: P.Dorozhkin & E. Kuznetsov, NT-MDT




Scan size: 16x14 ym

intensity

Graphene flake #1 - confocal mapp

Confocal Raman map, D*-line

Scan§_XYx5i

ng

[

*®

mass center position



Graphene flake #1 - point spectroscopy

3 From: Davy Graph et al., 2006

single layer

i &t

N

o

S,

= - —
T

~

) 0em T . | — R
. . e ——— k= 0250
Raman/map (center of mass ofkZD band) & /— s
! 0.4 0.4 0 0.2
—M Me— K —T
+
~ o
~ +
© o @
3 (S e
= + = B
: W"Mf : MAJWJ =
: Wﬂf‘ﬁ'ﬂ'ﬁ : O N W,ﬁmmmm
=]
° 24 25 26 2.7 2.8 2.9 3.0 24 2.5 2.6 2.7 2.8 2.9 3.0 24 25 2.6 2.7 2.8 2.9 3.0

Raman Shift, 10°1/cm Raman Shift, 10°1/cm Raman Shift, 10°1/cm

POl UIS N NTEGRA Spectra Data courtesy, J. Smet, Max Plank Institute & P. Dorozhkin, NT-MDT
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Graphene flake #1 - confocal Raman mapping

2.705

2700

E

&

2.695

2.690

27 28 29 30 31 32 33 27 28 29 30 31 32 33
um um

intensity Confocal Raman map, *.line mass center position

POl UIS N NTEGRA Spectra Data courtesy, J. Smet, Max Plank Institute & P. Dorozhkin, NT-MDT

L e e o]



Graphene, Scanning Kelvin Microscopy

SKM, graphen was negatively SKM, graphen was positively charged
charged prior to scanning (-3V) prior to scanning (+3V)

80 90
14 1,6

- 90x90 um

70

1,2

Hm
pm
50 &0
08 1.0
v

iD 40
0.6

20

02 04

e S o 5 s S < s U~ T <<
pm pm

10

The flakes were charged by applying +/- 3V voltage with conductive
cantilever to several points of the flake
Resulting charge is uniformly distributed across the flake

(SlNERISENN NTEGRA Spectra Data measured: E. Kuznetsov & P. Dorozhkin, NT-MDT




Graphene, Scanning Capacitance Microscopy

A

40
6

35

30

A layers * g
< \ 3 layers q

nm
na

20
Fy4 06 o8 10 12 1fREH,

Height SCM

Boundary between different layers

NTEGRA Spectra Data measured: E. Kuznetsov & P. Dorozhkin, NT-MDT



hg . ; \

» e
Optical image, made through 100x Laser confocal image (633 nm)
objective. Both 2-layer and 3-layer flakes High contrast of double and triple layer
are seen graphene is observed. Good contrast for

single layer graphene is expected

Confocal laser imaging with 633 nm laser proved to be the fastest and most efficient
way to find single layer graphene flakes on Si/SiO2 substrate

ColRE YIS El NTEGRA Spectra




Kelvin Probe Microscopy & Electrostatic Force Microscopy

SKM image
Flake potential is not constant - EFM image
sudden recharging can occur

Data courtesy, J. Smet, Max Plank Institute & E. Kuznetsov, NT-MDT

(oMK ISSN NTEGRA Spectra




NTEGRA Spectra

Light transport in nanostructures

ONT-MDT W els ) R )



Light Transport studies with NTegra Spectra

Detection point

Excitation point ‘

Nanowire

Emission from ends

le (on X,Y,Z-stage)

Excitation point:

Emission from end

High NA 100x objectiv
(Z-movable)

Excitation point

"olNER VIS NTEGRA Spectra Data measured: P. Dorozhkin, NT-MDT



Light Transport studies with NTegra Spectra

5 10 15 pm 300 , \ ~300 nm
200

N"\d‘-\_

0 2000 4000 6000 8000
nm

Confocal fluorescence image (660-800 nm) and AFM image of
the nanowire

(SlNERISENN NTEGRA Spectra Pavel Dorozhkin ( )



Light Transport studies with NTegra Spectra

Excitation point
/
.

Excitation pomt

Nanowire is excited by 488 nm light at the body (left image) and at the left
end (right image). Excitation green light is completely cut off from the
image by two edge filters (with 10-6 transmission).

Part of the nanowire radiation (>10%) is transmitted through the
nanowire and is emitted from nanowire ends.

(SlNERISENN NTEGRA Spectra Data measured: P. Dorozhkin, NT-MDT




Light Transport studies with NTegra Spectra

9-
. 6000 m €91 »
5 ] o]
- 5000 €31 M\
2 ]
S 4000 €3 "
IS m 6] H'I n
£ 3000 = " .
(@) ]
= ;] |
S 2000 wm & Ny
2 " ] -
> 43 \
O 1000 o € 3
3
0 i 5

0 5 10 15 20 0 5 10 15 20
Position along the nanowire, um

Emission intensity distribution along the nanowire, excited at the left end

(SlNERISENN NTEGRA Spectra Data measured: P. Dorozhkin, NT-MDT




Light Transport studies with NTegra Spectra

0,5 - . - . - . - . 1,0
e E xcitation at center of nanowire, Nanowire spectral transmission
spectrum detection at same place, '
S,(2)
0,4 - ! .

' Emission from end | | = Excitation at center of nanowire,
— 3 spectrum detection at nanowire end,
0,3 = 82(7"’)

0,2

S,(.)/ S (1)
o
i

0,1

|
|

|

0,01 |
!
500 600 700 800 900
Wavelength, nm

0,0

600 700 800 900

Nanowire is locally excited at the center. Red curve shows spectrum taken
at the excitation point [in the middle of the nanowire]. Blue curve is the
transmitted light spectrum taken at the right nanowire end. Green curve

shows spectral transmission function of the nanowire

"olNER VIS NTEGRA Spectra Data measured: P. Dorozhkin, NT-MDT



NTEGRA Spectra

Beta-carotine distribution in algal cells
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Beta-carotine distribution in algal cells

: _#"'l"_; f';- ‘:‘:-- o _ ! - l
Optical image Confocal Laser

=
—a

= [B-carotene Raman line to be studied —»{Lﬂ/*

W
i o

= a
Sample courtesy of Don McNaughton, e
Monash University, Australia J(

Defaut 10°Counts

Tail of luminescence
: _ (centered at ~630 nm)

Raman Shift, TO0%1/crm

=

ColRE YIS El NTEGRA Spectra

Data measured: P. Dorozhkin, NT-MDT



Beta-carotine distribution in algal cells

Scan size: 25x25 ym

Luminescence (yellow) &

Raman line (1548 cm™') map Luminescence map
Raman (blue)

At low laser power, Raman and luminescence maps show nearly

identical intensity distribution
N.B. All three Raman lines of B-carotene show the same distribution along the
sample - only their intensity is different

(SlNERISENN NTEGRA Spectra Data measured: P. Dorozhkin, NT-MDT



Confocal laser & Raman, AFM and direct images of the same
algal cells structure

Confocal laser image

Spreading resistance ...
Sacnning Probe images

| :- Magnetic-, |

| Kelvin-, |

Image size: | Electrostatic- I
25%x25 um J B Acoustic Force- I
| Capacitance — I

) |

| .

Raman map Luminescence map
"olNER VIS NTEGRA Spectra Data measured: P. Dorozhkin, NT-MDT




NTEGRA Spectra

Measurements in liquid
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AFM + Raman + SNOM in liquid

& NT-MDT Closed-liquid cell with heating

Possible to use with AFM + SNOM + Confocal Raman (Confocal
fluorescence), work with living cells. Flow-trough possibility.

WORKS WITH AEM/SNOM/ RAMAN (INVERTED
ColN¥S YISk NTEGRA Spectra




Transparent samples observations

%I5E1ase Contrast

Optical images of human

embryo fibroblast cells
obtained during AFM
scanning process




AFM in liquid

Proteins in buffer solution

of]
% [Ty ﬂ__
] I.J"ll_ L
o
=y ¥ ~
-8 9
- =
=1 w1 o -
- L S
= =
a s [ =]
o )
E il E E E
c o ~ R Cc c c
@
) =]
3 & 2 5
U‘L i
=
s 3 5 3
[Fn!
&1 n
i o
o L o o ; o
0 20 40 B0 g0 100 120 140 160 0 50 1040 150 2040 250
nm rmm

ENT'MDT Data measured: M. Savvateev, NT-MDT



AFM performance: proteins on a dried substrate

40 60 80 100 120

20

ONT-MDT

120

1,5

1,0

0,5

2,0

nm

100 150 200

50

15

nm

0,5

1,0

Data measured: M.

2.5

2,0

1,5

nm

1,0

0,5

M
200 250
Savvateev, NT-MDT




Probe sharpness is important

TEM images of ultra-sharp AFM
probe tips

AFM images of FIcin molecules on mica.
Scans size 170x170 nm, Z scale 1nm.

Left image was obtained by silicon probe with a tip of common form.
Molecules look like globules, their domain structure is failed to be
visualized.
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Super Resolution with DLC NanoTips.

0 10 20 31 40 S & A 8 90 100
. it
Small unwound single-strand fragments can be
seen (bold arrow on the scan) and even helical

pitch of the DNA molecule can be resolved (thin
arrows al. Nanotechnology (2007), V18, N22, p.225102.

TEM Probe image DNA image 500 nm scan
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Angstroms can be resolved on Z axis

A

nH
T3] 5]

588 -

e 5.5A

4688

388

ZBa

16848 -

8.4 -
- /\,\/_\/\_/ \/x\} | 1AJ\

Single collagen I-111 type molecules from rabbit skin scanned in air. On the right
image is the height analysis of the line profile (white line on the left image). Note that
small fractions of angstrom can be resolved by the height analysis.
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Microorganisms

E-coll enteric

bacillus. Topography
Image In semicontact
mode.

Scan size: 2.7x2.7um.

ONT-MDT




Ntegra is well suited for complex biological
experiments

Neighboring
cell may
contact each
other (B, phase

Fine analysis of the
protrusion shows actin
filaments (about 3 NmM
thick) inside the cell that lay
perpendicular to the long
(A, topography protrusion axis (C — arrows,
Imaging, scan size: phase imaging, size

14x14um) B 250x250nmi.
ONT-MDT

Upon activation single

thrombocytes form
very long protrusions




Measurements in liquid

Mouse fibroblast.
AFM image In liquid.

Scan size: 33x31x5um.

ey



NTEGRA Spectra

CONFOCAL FLUORESCENCE microscopy
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Human cheek cell stained with Rhodamin-123 Fluorescence image in
PMT mode

Image courtesy, Dr. I. Kudryashov, Tokyo Instrumen



Confocal Fluorescence: Polysterene beads

Polysterene beads [with coumarine dye “Fluoresbrite
carboxy YG (Emission Yellow)].
Fluorescence image at 500-540 nm

NT-MDT demonstrates 200-250 nm resolution (depending on
laser wavelenqgth) as a standard acceptance test of the system

Image courtesy, Dr. |. Kudryashov, Tokyo Instruments

ColN¥S YISk NTEGRA Spectra



NTEGRA Spectra

Polymers
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Polymer sample with protective cover layer - depth profile

Raman spectrum versus sample depth |

Raman Shiftx_Z =
A : . |

Layer #2 .,
e —— b /v‘ %M

= II
) | A/
= |i| AL NN
= ot WY Mo

Zoomed region

Raman Shiftx_Z

Sample depth, um

Raman shift

Two /ayer S are observed. 7 02 0 82 o4 06 08 10 12 14 16 18
The 2-nd layer is 500 nm below the first layer
and has a characteristic Raman line (620 cm-)

(oK VISINN NTEGRA Spectra Data measured: P. Dorozhkin, NT-MDT




40x40 uym scans
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AFM topography
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Raman map (Band A — next slide)
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Data measured: P. Dorozhkin, NT-MDT



15 40

10

I 1ot
20 rd

10 15

a5

oS

10

ONT-MDT

Polymer blend
Line B

Line A

Line A
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Raman Shit 1041.cm

40x40 uym scans

NTEGRA Spectra

Data measured: P. Dorozhkin, NT-MDT



Polymer blend

Helght

pm
e |

nm

m

AFM ->

Scan size: 40 x 40 pm i w o wmsw = R R

pim Hm
1000

Pkl

103Counts

Raman -> =

815

o il 04 05 08 Raman shift, 10°1/cm

NT-MDT NTEGRA Spectra + Renishaw Raman microscope



Polymer blend

Raman_815_Intensity
e

Raman_1000_Intensity

815 1/cm

240 1/cm

pm

1000 1/cm

NT-MDT NTEGRA Spectra + Renishaw Raman microscope



Tip Enhanced Raman Scattering (TERS)

A route to Raman microscopy with subwavelength spatial
resolution and single molecule sensitivity

TERS - “inverted” SERS effect (scanning metal tip is a HOT SPOT)

Metal AFM prob

Electromagnetic field
intensity around
metal tip

7 Focused laser spot :

FolN¥RYIssN NTEGRA Spectra



Field enhancement mechanisms of asymmetrical nanoparticles
Taken from: E. Hao and G. C. Schatz, J. Chem. Phys. 120, 357 2004

“Two interplaying field enhancement mechanisms:
- 1. Surface plasmon resonance

% 2. Lightning rod effect (concentration of electrical
field at sharp edges)

The field can be enhanced as much as

k=E,oca1/ E; =100 times by those 2 mechanisms

local.

This would give Raman enhancement k4=108 !l!
Additional “chemical enhancement” is believed
to give another 102

Together this gives 1019 Raman enhancement !
Some researchers even claim 1014 1!

Electrical near-field of different
Ag nanoparticles and Ag tip

*NT-MDT produces AFM cantilevers with attached Ag nanoparticles coated with
polymer. Those cantilevers are chemically stabilized and expected to provide high
field enhancement required for TERS

ColRE YIS El NTEGRA Spectra



TERS: Importance of light polarization

“Z-polarized” light (with electrical field polarized along the tip
axis) light experiences the largest enhancement at the tip apex

Fig. 1 Calculated field distribution at a sharp Au tip with a diameter of 5 nm. (a) Field
distribution for an incident electric field vector parallel to the tip shaft showing localization
of the electric field at the tip apex. (b) Field distribution for an incident electric field
orientated nonparallel to the tip shaft. The field is no longer confined to the tip apex.

Taken from: N. Anderson, A. Hartschuh, L. Novotny,
Materials Today (2005)



NT-MDT provides all possible AFM/Raman/TERS configurations

TERS collection Shear force

E

INVERTED ! UPRIGHT 'Side illumination + UPRIGHT
| |
I TERS collection 1
: excitation!

EYLzcaning stags | :
| | -
| : “"ATERS collection
: MigliMA : objedlive E
1 Dh:}:]ﬁtl:ﬁ“ | /
] ] /
| |
' | | AFMprobe TERS excitation
: AFM proba : / —

Hizﬂh-:-'fm I | Wizibls arss : f
ohjective | |
BN
| |
L : AFM or STM or : AFM or STM or Shear force
excitation | :

| |
| |
| |
| |
| |
| |
| |




Tip Enhanced Raman
INVERTED geometry (transparent samples)

Shear fOI’Ce EVLscaning stags
> \  AiFMproba
\
By W
High NA
X103




To find HOT POINT (Maximum enhanecement):

Scan - BY TIP; Measure - mtens:ty of laser light scattered by the tlp

o |
: = -1 I
: 5 0 |
[ : :
I - 250 |
N ol :
| o g - |
300
I = " I
I E =350 I
: . I
' 210 um o
(=]
: ] 5 10 15 IFI 25 30 35 40 I r I
1 | |
I I I . 35 I
: . | | 3 l
I 1 I o4 3.0 I
I 3 2.0 I | = | I
1 | | |
| e I I s 25(|5 I
L |
| I I
|
| Lo I I © 2.0
l a = I
i 1 |
I |
0.5 1 | |
: : I I E 1.5 I
I 50 6.2 20.4 258 63 ! | 326 328 33.0 332 334 |
I I : :
| I
. __Au-coated cantilever | ! Etched Au wire !

Data courtesy of S. Kharintsev, J. Loos, G. Hoffman, G. de With, TUE, the Netherlands and P. Dorozhkin, NT-MDT




TERS effect on fullerenes

The enhancement of Raman spectra of a fullerene thin film.

Exposure time 60sec. Laser power 100 puW.
Laser wavelength 632.8 nm.

1200 — -
%
. — Tip retracted by 1
3 —— Tip landed s 25 A
© =
£ 1000 - g
-E'-ﬁ E o L, 90 4
. Freaf u i
w = - 5
=
& 800 AN § 15-
Q
c
[ =}
@ _
£ 5004 w10
[
o 5
4':":: T T T T
500 1000 1500 2000 2500 0 L
0 5 10 15 20 25
Wavenumber / cm’’ Tip-sample distance / nm

Signal enhancement versus tip-
sample distance: proof of plasmonic
nature of the effect
Data courtesy of S. Kharintsev, J. Loos, G. Hoffman, G. de With, TUE, the Netherlands and P. Dorozhkin, NT-MDT
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Signal enhances >10 times after tip
is approached




TERS on Vanadium Oxide uniform layer

~ 3 nm (enhancement = 30)
~ 4 nm (enhancement = 15)

~ 5 nm (enhancemet = 5)

2400 0, Exposure 60 sec, Power 1.2 mW, A = 632.8 nm
—— Tip on mode
2000 1 | — Tip off mode
>
©
—
2 1600 -
w
o
2
=
S 1200
=
@
o
800 +
BU0 b e

200 400 600

800 1000 1200 1400

Wavelength / cm’

Signal enhancement versus tip-sample distance:
proof of plasmonic nature of the effect

=l 4 # ) o L] 4 # {] T#
S S Kharintsev'?, G G Hoffmann"’, P S Dorozhkin®, G de With'
and J Loos! Nanotechnology 18 (2007) 315502 (9pp)
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TERS on Carbon nanotubes

Wwwv |

0 100 200 300 400 500 600 700 8OO 900

429 430 431 432 433 434 435

AFM topography and height cross-section of the nanotube bundle
The bundle is ~5 nm height

Data courtesy of S. Kharintsev, J. Loos, G. Hoffman, G. de With,
TUE, the Netherlands and P. Dorozhkin, NT-MDT
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Breaking diffraction limit in optical resolution !

{1 = Tip retracted G-line
e Tip approached l

| Laser: 633 nm
| Tip: Gold wire

1 RBM-line D-line

| |

D-line 7
obertone_|

Intensity, a.u.

A

| | T ' | ' | '
500 1000 1500 2000 2500

Raman shift, cm’’

Data courtesy of S. Kharintsev, J. Loos, G.
Hoffman, G. de With, TUE, the
Netherlands and P. Dorozhkin, NT-MDT

200 nm

Tip is away

Tube image width
is ~250 nm
(limited by
wavelength of light)

G-line

Tip is approached

A=

Tube image width is

~ 70 nm (limited

I 50 nn'r}éa)nly by size of the tip)

I II

Raman spectra and 2D confocal Raman maps (G;Iih'é)"'af"Carbon nanotube
rope with and without enhancing AFM tip (GOLD wire)
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Laser: 633 nm, Tip: Gold wire

Radial breathing mode line

Tip is away.
Tube image width is ~250 nm
(limited by wavelength of light)

Tip is approached.
Tube image width is ~ 70 nm
(limited only by size of the tip)

Raman spectra and 2D confocal Raman maps of
nanotube rope with and without enhancing AFM tip

E
=5

430 431 432 433 434

")
™
-

429

T
A l'. N\ |"-\_"--.r“"\"'|," \f a 1l A
” : M '\“f b S LA
W

0 100 200 300 400

AFM topography

500 600
X.nm

Data courtesy of S. Kharintsev, J. Loos, G. Hoffman, G. de With,
TUE, the Netherlands and P. Dorozhkin, NT-MDT
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|
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TERS

{1 = Tip retracted G-line
e Tip approached l

imaging of single-walled CNT bundle

| Laser: 633 nm
| Tip: Gold wire

AFM topography
(height ~ 5 nm)

1 RBM-line D-line

| |

D-line 7
obertone_|

Intensity, a.u.

Raman map
(G-line)
Tip is approached

A

| ' | ' T ' | ' | '
500 1000 1500 2000 2500

Raman shift, cm’
Tube image width is

“‘;‘" /:‘50 nm (limited
il ‘only by size of the tip)

S.S. Kharintsev, G. Hoffmann, P.S. Dorozhkin,
G. de With, and J. Loos
Nanotechnology 18 (2007), 315502

Raman spectra and 2D confocal Raman maps (G;Iih'é)"'df"carbon nanotube
rope with and without enhancing AFM tip (GOLD wire)
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TERS with Silver coated cantilevers

Scan size: 2x3 micron

AFM image of carbon nanotube bundle TERS image of the same bundle

Image courtesy: Jacon Jao, Renato Zenobi ETH Zurich, Switzerland; G. Hoffman, J. Loos,
TUE, Eindhoven; and Pavel Dorozhkin, NT-MDT Russia
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TERS Enhancement versus probe-sample distance

: B Tapping mode
25

X1Zscaning staga © Shear force mode e
° )
AFM praba oS . =
=
Q
-
Q
Q
-4 C
©
i
| =
m

High MA - 2

100 5
ohjsctiva
O I 1 | I 1 0
0 10 20 30 40 50

Tip-sample distance / nm

Signal enhancement versus tip-sample distance for cantilever in tapping mode
(vertical oscillation and for metal wire in Shear force mode (horizontal oscillation)

S.S. Kharintsev, G. Hoffmann, P.S. Dorozhkin, G. de With, and J. Loos
Nanotechnology 18 (2007), 315502
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Tip Enhanced Raman
UPRIGHT geometry (non-transparent samples)

Data on real TERS with non-transparent samples is to
be published soon. Request NT-MDT for further
information

TERS excitation
TERS collection

I
Iﬁh M I

l chjsctivs ‘ 7 3 T"‘ : l El coIIectlon
Y I 2z
FI T;’M : AFM probe \ 7/ /
I
I
I

|tit|on




Successful Tip Enhanced Raman experiment:
Major requirements to experimental setup (AFM — Raman
combination):
1. Different geometry of AFM - Raman optics: bottom

illumination/collection, top illumination/collection, side illumination/
top collection. All optics must have very high Numerical Aperture.

2. Independent scanning options: by laser beam, by sample, by
AFM tip (at least 6 scanning coordinates required). All AFM and
Raman control must be integrated into one software

3. Very low AFM noise (to keep TERS tip safely very
close to sample), low drifts and high stability

(to keep laser exactly on the hot [ s
spot — with 10 nm precision) e . B W

4. Good TERS tip —— f i




Ultrastable AFM — Raman — TERS measurements
In wide temperature range

Raman spectra of graphene
flake at T = -20, +20, +80 °C

Raman spectrums vs temperature
T=25C
T=80C

T=-20C

oA

T = -30 - +80 OC 750 — " - "
Drifts <10 nm per 1°C 500
<10 nm per hour at all temperatures = =  Ramnsntemt

ey




AFM-Raman-TERS in controlled atmosphere

Controlled atmosphere chamber for AFM-Raman-TERS
(controlled temperature, humidity, inert gases etc.)

ColN¥S YISk NTEGRA Spectra




NTEGRA Spectra

SNOM

ONT-MDT W els ) R )



NT-MDT supports all existing SNOM techniques

1. Straight quartz fiber 2. Bent quartz fiber 3. Silicon cantilevers
(glued to tuning fork) (glued to tuning fork) with aperture

!
R Probe

=

www.nascatec.de

< >
Filter 50 +15 nm
E)LiS nm A
PMT 12 um
- = IIARARRRY.
* = =
20 pm
_'r________...-;__;-:.!-'.;
_,--'I'7_
NT-MDT produces (for >10 years) NT-MDT produces all hardware to work NT-MDT produces all hardware to
both SNOM hardware and SNOM with such probes at all SNOM modes. work with such probes at all SNOM
probes for various ranges of modes.
wavelengths (from UV to IR). NT-MDT does not produce the probes —
they have to be produced by customer SNOM cantilever probes are
All SNOM modes are supported or bought from another supplier produced by Nascatec, Germany

ey



Example of some SNOM modes

sample
— substrate
—— sample
— substrate o
objective
notch filter
— objective
S — o
PMT
o | . , PMT
Coprpright Ij_._' NT-MDT, 2002 mn\.ntmdmnm Coprprighe L{_._' NT-MDT, 2002 \‘\»‘\'H\-.I'Il'll'lﬂl]t('ll‘n

Copyright () NTMDT, 2002 www.nimdt.com

Transmission

Transmission Reflection
Fluorescence

All SNOM modes are available:
Collection, Transmission, Reflection
(for all signals/modes: laser, fluorescence and spectroscopy)

ColN¥S YISk NTEGRA Spectra




SNOM: transmission luminescence

Near-field optical image of composite
polymer with globular structure.

Particle size is about 30-40 nm.
When 3.5um image is zoomed electronically (because
initial pixel resolution is high enough) it is clear that
particles of just the same size are resolved much and
much better.

ColN¥S YISk NTEGRA Spectra




SNOM transmission: Single lipofuscin granule

05

Shear force topography SNOM transmission

Single lipofuscin granule 400 nm in height and 1.7 — 2.7 um in diameter. Two
“humps” can be seen as well at shear-force image (left one). On the right image
transmission at 420 nm can be seen. Quartz substrate transmission was subtracted
S0 negative values can be referred to sample absorption and positive ones (most
probably) to sample fluorescence.

ColRE YIS El NTEGRA Spectra



SNOM spectroscopy: Single lipofuscin granule

3]
=
*
-
o
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Fluorescence, a.u.
(]
(o]
]

(o)
I

[ [ [ [ [ [
550 600 650 700 750 800
Wavelength, nm

Point-localized spectroscopy of putative fluorescent region. The spectrum
obtained corresponds well with the spectrum of pure A2E fluorophore thought
to be the major cause of aging-related retina degeneration.
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SNOM Lithography

Sample : Positive photoresist FP 380 on Si substrate

|
L

Ar laser 457-514 nm

Scanner control

t

i
Optical fiber

NFO probe

'L E T
.
"8 s an B — \
‘. .
L ] [ ]
- ™ \
. 9 2, Wt
L] v i - r
-
. A bhamn -
s * 5 o
L ] ¥
TE ER | - 5
15 - - -
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-
]
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u" a 4 L ] ;_ “w i3 14 "
i 3 ’
L]
E
. » M
[
]
[ - | -3 - E E E
B
Feed Back

Shear Force image of SNOM lithography results.

Photo
Lithography made using Ar laser. resist
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SNOM on photonic crystal optical fibers

[ ]
‘.-..Q,ge': H um|

Overlay of simultaneously measured:
Sample topography (orange/red palette) and
SNOM intensity (green palette)

l Sample courtesy:

Launch light from Yinlan Ruan, Heike Ebendorff-Heidepriem, Tanya M. Monro
outgide of the NT-
MDT system with
particular sources

ColN¥S YISk NTEGRA Spectra

Centre of Expertise in Photonics, School of Chemistry &
Physics, University of Adelaide, Adelaide, 5000 Australia




SNOM on photonic c:ystal optical fibers

Overlay of simultaneously measured:
Sample topography (orange/red palette) and SNOM intensity (green palette)

Sample courtesy:
Yinlan Ruan, Heike Ebendorff-Heidepriem, Tanya M. Monro
Centre of Expertise in Photonics, School of Chemistry &
Physics, University of Adelaide, Adelaide, 5000 Australia
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SNOM measurements (VIS & IR) : Cr:YAG optical fibers
Nanospectroscopy of Cr:YAG Double-clad Crystal Fiber

Chien-Chih Lai', Kuang-Yae Huang'. Shi-Chang Wang”. Yen-Sheng Lin’, and Sheng-Lung Huang"
'Institute of Photonics and Optoelectronics, National Taiwan University, Taipei 106, Taiwan
*Department of Photonics, National Sun Yat-Sen University, Kaohsiung 804, Taiwan
*Department of Electronic Engineering. I-Shou University. Kaohsiung 840, Taiwan
“Department of Electrical Engmeering. National Tarwan University. Taipet 10( Mear-field Cr* Near-field Cr3*
Phone: +(8862)33663700 ext. 348, Fax: +(8862)33663692, Email: slhuang@cc.e fluorescence @ 1350 nm fluorescence image

Cr3*:YAG fluorescence spectrum
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SNOM on Surface Plasmon Polaritons

[ Coherent Photon Scanning Tunneling Microscope -

~

Intensity ey
s ey

|

i

Heterodyne

-
L
@
=
5
T
)
b}
1=

Oscillation

SNOM prabe

-vanescent light
Sample k ?

HANOPHOTONCS & METROLOSY
LABCRAT DAY

Detector =2 Lock-in amplifier

* PSTM = SNOM in collection mode

» Shear-force Atomic Force Microscope
(AFM): topography.

» Usually Intensity recording only

* PSTM combined with a heterodyne
interferometer) —

AMPLITUDE & PHASE

Data taken from:
Antonell Nesci and Olivier J.F. Martin,
EPFL, Lausanne, Switzerland

(NT-MDT SNOM system was used + home built

Heterodyne interferometer)

(Il

ECOLE POLYTECHMIOLIE
FEDERALE DE LAUSAMMNE



SNOM on Surface Plasmon Polaritons

Guided Plasmons on gold waveguides *\

vy

e

Data from;

3 um wide WG A =1785nm Antonell Nesci and Olivier J.F. Martin,

EPFL, Lausanne, Switzerland
Topography Amplitude Phase

[nm] [rad]
50 ! E IEU 50
40 40 40
1
30 g
g = |,
- ——
- 120 20 -
10 10

X [um]

e.g. to address optically single molecules

HANOPHOTOMICS & METROLOGEY ECOLE POLYTECH M ICILE
LABORATORY ILERALE DF LaUSAMNE




SNOM on Surface Plasmon Polaritons

Guided Plasmons in gold wavegquides .

3 um wide WG Data from:

Antonell Nesci and Olivier J.F. Martin,
phase EPFL, Lausanne, Switzerland

2 Apyas= 796nM

HANCPHOTOMICS & METROLOGY COLE POLYTECH M ICILIE
LABDRATORY ELERALE DE LALFRARME




SNOM on cantilevers with aperture

100x
0.7 NA
400 nm

High resolution objective is used to focus light onto
or collect light from the SNOM cantilever

Size of the light spot: 400 nm

ey




SNOM on cantilevers with aperture

laser spot is scanned: x,y

350

Intensity of light transmitted
through cantilever |

200 250 300
my

150

100

www.nascatec.de

50

Precise location of SNOM aperture

Laser spot is scanned in automatic regime across SNOM cantilever and transmitted
signal is measured — to locate the SNOM aperture with very high accuracy (<10 nm).

Afterwards, 400 nm size laser spot is focused exactly onto the aperture — to realize
SNOM transmission regime with very high optical throughput.
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SNOM on cantilevers with aperture
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Optical view of cantilever with SNOM aperture in

Transmission regime - laser is focused on the Precise location of SNOM aperture
sample from the bottom, cantilever is viewed from
above. Light transmitted through the aperture can

be seen (in this case, SNOM aperture is quite Intensity distribution of light across the
large) SNOM aperture (measured by automatic
scanning of light collection area across the
Note extremely high resolution of the image: it is SNOM aperture)

done with optics 100x, 0.7 NA, 400 nm resolution
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Optical view of SNOM cantilever

Standard optical image with low resolution
optics of other commercial system
(about 3 pm resolution image)

Optical image with HIGH
resolution NT-MDT optics
(400 nm resolution)
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Experimental results

Sample: SERS substrate. Au nanodiamond arrays on quartz.

Topography SNOM transmission

Period of the structure: 200 nm
SNOM resolution: <70 nm

Sample courtesy: Dr. Henrik Schneidewind, Institute of Photonic Technology (IPHT Jena), Germany
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Experimental results
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SNOM transmission

Period of the structure: 200 nm
SNOM resolution: <70 nm

Sample courtesy: Dr. Henrik Schneidewind, Institute of Photonic Technology (IPHT Jena), Germany
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Unique features of NT-MDT SNOM
on cantilevers with aperture

- VERY high resolution optics is used to focus/collect light onto/from SNOM
aperture. Resolution and Spot Size: 400 nm !

- Precise automatic positioning of the laser spot onto the SNOM aperture by
scanning laser spot across cantilever. Positioning precision: < 10 nm

- High AFM stability (Z-noise on sub-nm level)

OISESIES NN Contact: Dr. Pavel Dorozhkin, NT-MDT Co. dorozhkin@ntmdt.com



