Surface Tunneling Microscopy and Spectroscopy
[

1. Scanning Tunneling Microscopy (STM)
- tunneling current
- instrumentation, imaging modes
- surface morphology with atomic resolution
- research examples

2. Scanning Tunneling Spectroscopy (STS)
- local electronic structure 7o ¥

- single molecule spectroscopy examples 2l Ungroaoy b Demimimnd
@ N )

STM and STS
I

3. Photo-assisted scanning tunneling microscopy

- Thermal effects

- Surface photovoltage (SPV)

- Measuring SPV with the STM
- Spatial variation of the SPV and I-V curves under illumination
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3) H.J.W.Zandvliet, A.van Houselt, “Scanning Tunneling Spectroscopy”” Annu.Rev.Anal.Chem. 2009, 37.
4) S. Grafstrom, “Photo-assisted scanning tunneling microscopy”, J. Appl. Phys. 91(4) 2002 1717.



Atomic Force Microscopy (AFM)

4. Atomic Force Microscopy
- Understand the basic principles of atomic force microscopy (AFM)
- Three modes
- Understand how AFM can be used in materials science
- Be aware of the issues that can be encountered,
- Related microscopies:
- MFM
- NSOM

http://www.ntmdt.com/spm-principles (SPM Principles (NT-MDT) including
animations)

http://nanohub.org/resources/520
http://www.doitpoms.ac.uk/tlplib/afm

Scanning Tunneling Microscopy (STM)
|

STM used for direct determination of images of surface, with atomic resolution.
Method is based on electron tunneling between tip and surface

* Was developed by G.Binnig and H. Rohrer (IBM) in early 1980
* Nobel prize in Physics (1986)
* Scanning Tunneling Spectroscopy (W. Ho, Cornell)
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Basics of STM imaging

[
A sharp conductive tip (W, Pt/Ir) is brought ~ few nm from a conducting surface
Voltage is applied between the tip and the surface

Pt/Ge
STM tip STM tip (OO 1)
Surface Surface
% Appl. Phys. Lett. 83 (2003) 325
xory xory Sn/Cu
(a) Constant current mode (b) Constant height mode (OO 1)

Get structural information by scanning tip across
surface in constant height or constant current modes
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Surf.Sci. 602 (2008) 2348

Constant current mode
S

Feedback

Scanning
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Sample A%

» currentis the feedback parameter



Electron Tunneling Through a barrier
[

2 le//

m dx?

The wave equation is

U(X)y = ey

In the region x<0, before barrier, U = 0, the eigenfunction is a linear combination
of plane waves traveling to the right and to the left with energy _WK®
l// Aele + Be—le 2m

In the region 0 < x < w, within the barrier, the solution is
2Q? AJ2m(U-E
=Ce% + De ¥ =y, (0)e™; whereU, — & = hZQ and k = ;(_l )
m

In the region x>w, behind the barrier, the solution is
l//g — Fein +Ge—in

Probability of finding electrons on the other side of the barrier, i.e. tunneling
current

) - 7Vzm(‘;’5) Tunneling current scales
|l//l (0)| e L exponentially with the barrier width

Tunneling Current
[
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* Electrons in the sample with energy within E; to Ei—delta eV tunnel into the tip above its
E; to Estdelta eV

» This tunneling of electrons will be measured by the circuit connecting the tip and sample
and used as the feedback parameter to maintain a constant current (setpoint)

+ 1, ccexp (-2Kw), I, decreases by a factor of 10 when w is increased by 1 A
8



Local density of states (LDOS)

By varying bias, the tunneling current becomes a measure of local density states
for electrons

Tip far away Sample positively biased:
Tip Sample Electrons from tip tunnel to empty states of sample
~E Vacuum
g
L (a) : E b (C)
~ PFermi y y
Eer Eg =" ‘l's»
T Density of states | ———
1
| J
NEO I a *
s— " @)=
S Ey
Tip close to sample (within tunneling distance)
but no bias Sample negatively biased:
Electrons from occupied states of sample tunnel to tip
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GaAs(110)

Here are the STM images of GaAs(110)-
2x1surface.

Images were obtained by applying (a) +1.9V
(b) -1.9V to the sample with respect to the tip.
It was suggested that the filled states are
localized on the As atoms, while the empty
states are localized on the Ga atoms.

Image (a) represents the Ga states, while
image (b) represents As states.

APL 70 (1997) 449
10



Instrumentation

Steel plates

STM platform

Viton balls

steel posts

springs.

g
W

Combi

ion of spring susp damping magnet
and eddy current damping brings an

optimum damping for STM.

Vibration isolation is critical to achieve atomic resolution

Piezoelectric Scanners

oV

0 ==

+
No applied voltage  Extended Contracted

Microscope (STM)

Scanners are made from a piezoelectric material that expands and
contracts proportionally to an applied voltage

Displacement accurate to + .05 A
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Piezoelectric Scanners

Piezoelectric effect: electric field induced
displacement of crystalline lattice and vice versa

Lead zirconate titanate: PZT
— Curie temperature: ~350°C
— Need to operate << T

Powders are fired (1350°C) to form films. After
polarization under an electric field (e.g., 60 kV/cm
for an hour), they are used as scanner elements.

i B
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o Unpoled During poling After poling
) N2
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Accuracy of STM measurements
[

* Basic imaging: interaction between the probe tip and surface features

+ If tip is contaminated or dull, and the size of the contaminant is comparable
to or larger than the size of the features on the sample surface, artefacts
attributable to the contaminant are observed to dominate the image

Contaminated tip
" Conteminred tip
Clenntip N A —
) .,

r

Sample ueface




Tip preparation
I

* To achieve atomic resolution, an STM probe has
to be effectively terminated by a single atom

* W ip, anodic oxidation in NaOH: W wire
positively biased (relative to a circle of stainless
steel wire) is thinned in NaOH through anodic
oxidation and it eventually breaks by the weight
of the lower part of the wire.

Anodic oxidation
Woo4-12v
—

* Annealing treatments are necessary to remove
oxide left on the probe

» Scanning on surface, applying high voltage to
the tip a single atom protruded on the tip apex

Keep scanning and probably purposely crashing tip Single atom ferminating tip
to sample surface

STM image Si(111) (7x7)

See topmost atom layer

(or electron density in the topmost layer)

G DG e e D
Unf

Faulted aulted

FIG. 1 {color).  Si(111)-(7 > 7) structure [11]: Top view (top)
and cross section (bottom). Atoms closest to the viewer are
drawn largest. Twelve adatoms (“a™), ameong which are six
corner and six center adatoms, constiture the topmost atomic
layer. Rest atoms (“r™) are located 1 A below in the second
layer. Corner-hole atoms (*¢™), 4.4 A below the adatom layer,
mark the corners of the unit cell

* STMimage Si(111) (7x7): standard

reference surface for probing atoms Phys. Rev. Lett. 90 (2004) 116101.

in real space
16



DAS model of Si(111) 7x7

a‘/\>a’ o dimer layer atoms
@ stacking-foult layer atom:
two triongulor subcells In the 7x7 unit cell @ adatons

the 7x7 reconstructed loyer consists of

a dimer layer (9 dimers on the sides of the subcells)
a stacking-foult loyer (foulted sequence in the left subcell)
tvelve adatoms on the stocking-foult layer

* Analyzed by UHV transmission electron diffraction (TED).

* Model: 12 adatoms arranged locally in the 2 x 2 structure; a stacking fault layer;
a layer with a vacancy at the corner ; 9 dimers on the sides of each of the two
triangular sub-cells of the 7 x 7 unit cell.

» “The model has only 19 dangling bonds, the smallest number among models so
far proposed” Surf.Sci.164(1985) 367 17

Research Examples
|

» Surface topography
» Surface structure: compare to bulk structure

+ Stuff physicists do: semiconductor surface structure,

nanotechnology, superconductors, quantum corrals
Cu surface

* Metal-catalyzed reactions

» Single atom lithography

* Electrochemical STM




Surface topography

» Topographic and electronic contrast of the graphene moir’e pattern on

Ir(111) probed by scanning tunneling microscopy

+ Epitaxial graphene on Ir(111) surface

FIG. 1. (Color online) (a) Constant-current STM topography image of epitaxial graphene on Ir(111) acquired at W, = 0.3 V and set-point
current of 0.3 nA. The line indicates the moiré unit cell and the three inequivalent areas within it are denoted by A, B, and C. (b) High-bias
STM image taken at 0.45 V/1 nA showing the inverted moiré pattern. (c) Constant-current d/ /dV,,, and d/ /dz maps recorded at a bias of
0.05 V. (d) Constant frequency shift ne-AFM image with Af = —
measured simultaneously under AFM feedback.

45 Hz and Vi, = 0.01 V. (e) Average current over the tip oscillation cycle

Phys. Rev. B 83 (2011) 081415(R)
19

Coverage-Dependent Self-Assembly

Rubrene Molecules on Noble Metals a) o b)

P
tetracene
backbone

Figure 1. a) Chemical structure of rubrene (C,;H..). b) Three-dimensional
model for rubrene in the gas phase, showing the twisted tetracene back-
bone and the four phenyl rings rotated out-of-plane.

2
8 dimer A

# monomer

@ pentamer 2 o {
trimer ‘ 120° ﬁ ° 108° Figure 2. a) Overview STM image of rubrene on Au(111) showing the two-di-

teramar mensional clusters of rubrene formed after deposition onto a sample held at
50K without subsequent annealing. b) STM image showing the densely
3nm packed disordered arrangement. An individual molecule is encircled.
Figure 3. a) Overview STM image of a supramolecular assembly (phase d) Chem Phys Chem 11 (2010) 1558
formed by rubrene on Au(111), composed exclusively of small structures. 20
b) STM image showing the different structures, from monomer to hexamer.

10



The chiral properties of the assemblies

* ~0.2ML: formation of chains of pentamers

Figure 7. STM images of rubrene on Au(111) demonstrating the chiral prop-
erties of the assemblies. a) Left (L) and right (R) monomers. b) L and R
dimers. ¢) L and R hexamer. d) L and R pentamers. e) L and R honeycomb
islets. f) Chains of L and R pentamers.

Figure 6.a) Overview STM image of the assembly phase /. formed by ru-

brene on Au(111), chains of P ules. b) STM NO heterochlral (LR or RL) dlmers were
image showing examples of chains of pentamers. All the molecules adopt
the conformation B*, Inset: close-up view of B* molecules. (See the discus- observed!

sion of Figure 8 for an explanation of the molecular conformers.)

Chem Phys Chem 11 (2010) 1558
21

Extended close-packed surface structures
|

(a) Overview STM of rubrene on Au(111) with an extended close-packed island (phase w)

(b) STM image of the hexagonal packing, in which only conformers D are present. The
color code indicates the molecule chirality : blue=L enantiomer, green = R enantiomer.

c) L and R enantiomers of conformer D in the close-packed island.

rubrene

Au(111)

r50 nm

lC
N B
@@ q& Ob Chem Phys Chem 11 (2010) 1558 22
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Cysteine adsorbed to a Au(110) surface

Nature 415 (2002) 891

Sulphur
@ Nitrogen
® Oxygen
© Carbon

o Hydrogen 4

Electrochemical STM

STM
Controller

Fiezo Motor

Paotentiostat

» Three-electrode system+ STM: the STM tip may also become working
electrode as well as a tunneling tip

» Need to insulate all but the very end of the STM tip with wax to minimize
faradic currents, which can be several orders of magnitude larger than the
tunneling current and make atomic resolution unfeasible or even trigger
other unwanted electrochemical reactions

23

24
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Imaging the structure of electrode surface
I

— 80nm x 80nm

ol 14nm x 14nm

+ STM images of the Au(111) electrode surface (left: unreconstructed surface at
positive charge densities)

* STM images of the Au (100) electrode surface (right)

* Au (100) electrode in 0.1 M H2S04 at -0.25 V vs. SCE, where potential-induced
reconstruction proceeds. The initially unreconstructed surface is being gradually
transformed into the reconstructed form.

» The zoom shows a section of the surface, 3/4 of which has already been
reconstructed; one single reconstruction row on the left hand side is seen to grow
from bottom to the top of the image

o TTTTI——

Time-resolved STM

* STM in standard imaging modes has a significant limitation: poor time
resolution (1 image in 1-30s, bandwidth ~ few 10 kHz)

« Swartzentruber, et. al. (PRL 77(1996) 2518) were able to monitor Si dimer
motion in the millisecond rage

— B: Si dimer Si dimer configuration is
A: Si dimer lsontopof | reflected in the z-feedback
is on top of substrate . .
substrate dimer row position vs time
dimer row iSi apn P il

o Si-Si L B” has higher probability
Si-Si || and longer residence time
closer by
0.15A

zo02
£ 0.1 mjﬂ »_pp
200 ) ! ~—Uuu
N a0 e a0 40

Time (sec)
FIG. 1. Top: A schematic of the Si(100) surface showing
the P-P and U-U ad-dimer configurations. Circle radii indicate
vertical displacement of the atoms. Bottom: Empty state STM
images (50 A) of an ad-dimer in the U-U (left) and P-P (right)
configurations. Sample bias +2.5 V.

FIG. 2. The measured height of the tip above the surface as a
function of time, showing the transitions between the P-P and
U-U states.

26
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Open-loop time-resolved STM (feedback loop is off)

Sato and coworkers (J.Electron.Micro. 48 (1999) 1) recorded similar piezo time traces of
I, in the open-loop configuration of a Ge dimer of the Ge(001) surface (feed-back loop

is off)

*  Buckled Ge dimer “flip-flop” in time = “phasons*
* At high T phasons perform a thermally activated random walk
N T AN R I}f ﬁ’ c 3 m ﬂﬂﬁmq
\ f . ™M N Mnn i ] ‘
s * i o ’\':\‘-‘ "“AWI W ‘.’\Flw ',‘,J\‘L“'\'JM‘Iﬁ~’vw"."\"‘r““"/h‘
T R
A

]

frunn (arbitrary uniits)

Time (ms)

mmo A ® >

e [ Dimer A ® T
10x10 nm?

Figure |
(@) Filled-statc room temperaturc scanning tunncling microscopy (STM) image of Ge(001). The sample bias
(Vbias)is ~1.5 V; and the tunncling current (Tonet) is 0.4 nA. The local (4 x 2) and (2 x 1) reconstructions
arc indicated. The phasc boundary between the two domains is indicated by white lines. (Inser) Schematic
representation of a buckled dimer. The tilt angle of the dimer bond is approximatcly 10°-20°. (5) Filled-statc
STM image of Ge(001) (Fhiss = ~1.5 V; Luanel = 0.4 nA). The flickering in some of the substrate dimer
rows is duc to the flip-flop motion of the dimers during imaging. The flickcring is most pronounced in dimer
rows that contain missing dimer defects. Note that this flickering occurs in a symmetric dimer row (right
defect) as well as in an asymmtric dimer row (left defect). (¢) The dimer positions where the current is : -
measured as a function of time are labeled A through F. Data taken from Reference 25. Residence times t (ms) '

I-V Mapping
[
The dI/dV signal can provide information about the surface LDOS

a Topography b Derivative (dl/dV)

O Terrace defects

Pt chain defects

L 2

Topography () and spatial map of the differential conductivity (/1) () of an 8 nm x 8 nm arca with
several Pt nanowires recorded at 77 K. The sample bias is 0.15 V] and the tunnel current is 0.437 nA. (¢)

APL 83 (2003) 4610 28
o TTTT——
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I-V Mapping: Pt quantum wires

{ Somey Vs
z "» '\‘ /< T mer v \ 2 =3 '
g L=24nm /"‘l‘ \J \\/\
g J B
£ ol .
2 <R N PUGe
(L \‘\ ' , (001)
- x

di/dV tarbitraryunits)
dl/dV farbitraryunits)

o 1 2

Lateral position (nm) Lateral position (nm)
Figure §
(3 Normaliacd derivstive (217 reconded a3 fncrion of the sampic bias fr P nanowires with o nearcstnc ghbor spacing of 1.6 i
(bostom curoe) and 24 nm (sp eure), l\-spem‘velj ‘The daa were taken at 77 K. () Schematic diagram of the » = 1, 2, and 3 states of a
quantum mechanical particle in a box aged ceces section of the diffcential concuctivity between natives with
separation 0f2.4 nm recy “The solidline npmems:xpmmmuldm and the dotced line indicates the # = 1 stte of a NanolLett. 8(2006) 1439
quant x (4) Spatially averaged cross section of the ductivicy between nanowires wit

scparation ¢ V. The blue solid Hine represcn experiment and the red dorred line indicates the s = 2
stae of quantum meehanical particles in a box. The orange dorzed line indicstes the experimental data corected for the contribution of 29

the tail of the 5 = 1 state. Abbreviation: LDOS, locl density of states. Dara taken from Reference 48,

3. Scanning Tunneling Spectroscopy (STS)
[

» Inelastic Electron Tunneling Spectroscopy (IETS)

» Tunneling current can excite vibrational modes pf a thin layer of molecules
in oxide layer that is trapped between two metal electrodes

* Oxide layer = tunnel barrier

» If electrons have sufficient energy to excite vibrational mode, an additional
channel for transport opens

+ There will be small abrupt increase in |, at the onset of excitation
Kink in I-V curve = step in dI/dV curve = peak in d2l/dV?

« Alock-in amplifier to detect peaks in peak in d2l/dV? curve
30

15



Inelastic Electron Tunneling Spectroscopy

» Adding a small alternating current high-frequency modulation to the sample
bias and subsequently monitoring the tunnel current.

* STM junction should be very stable, as the measurements are taken in the
open-feedback-loop configuration (very low T, also ~2 meV at 4.2 K)

Fig. 1. (A) STM image
of a GH, molacule on
the Cu(100) surface at 8
K. Acetylens appears as
a dumbbell-ehapad da-
prassion on the surface
with a maximum depth
of 0.23 A The stable
clean metal tipe neces-
sary to perform IETS
rarely yielded atomic ree-
olution of the Cu{100)
eurface. The Iimaged
area, 25 A by 25 A, was
scanned at a sample
bias of 100 mV and tun-
neling current of 10 nA.
(B) The molecule in (A)
was transfemad to the tip
by mears of a voltage
pulse (0.6 V, 100 nA,
1 8), and the same area
was scanned. The atom-
Ic-resolution image has a
corugation of 0.000 A.
This corrugation ie sensl-
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tive to the natura of the .

tip and the tunneling pa- SCIence 280 (1998) 1732

rameters, Copper atom
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Single molecule vibrational spectroscopy:
Cu(Ill)etioporphyrin-l on Cu(001)

The four methene bridge C—H bonds in CuEtiol are isolated from each other
relative to the two C—H bonds in C,H,, thus providing an opportunity to
probe the coupling between identical oscillators in the molecules

2.0'

Z (A)

18A 06 A pueel sesolution). The
bond lengths in the superimposed mo-
aled din

tuned under the same tunneling
conditions as (b). (d) A cross section
of &I/dV?. wken along the line
shown in (c), with 0 A coresponding
to the end of the line in the upper left-
band comer of the vibearional image.

0 Distance (5\)10
Vibrational microscopy was used to image the spatial distribution of the inelastic

tunneling channels involved in this excitation.
J.Chem.Phys.113 (2000) 4837
Chem 9764a 3113 (2000)

32
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STS at elevated T
I

0af \ . . 7+ IETS of a decanethiol self-
. Mimored cuve. N assembled monolayer at 77 K

* Two peaks at ~ £33 and + 155 meV
are well resolved.
* The first peak is due to the Au-S (29
meV) and/or the C-S stretch mode (38
meV)
* The second peak is probably
induced by the C-C stretch mode(131
7 meV) and/or the CH, twist and wag
v, . modes (155 and 163 meV,

03 0.2 0.1 0.0 01 02 03 I‘eSpeCtiVely) .
Voltage (V)

0.2

0.0~

d2/dv? (nAV-2)

NanoLett 4 (2004) 2393
33
I

STM and STS
I

3. Photo-assisted scanning tunneling microscopy

Motivation: combine optically excited vibrational and
electronic states with the spatial resolution of the STM

Immediate effects: photo-induced current on semiconductor surface and
nanostructuring

Later: STM-induced luminescence on semiconductors, and NSOM

- Thermal effects
- Surface photovoltage (SPV)
- Measuring SPV with the STM

S. Grafstrom, “Photo-assisted scanning tunneling microscopy”, J. Appl. Phys.
91(4) 2002 1717.

34
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Thermal effects
[

» Heating accompanies all other possible effects arising from absorption of light

* In STM the most dramatic consequence of heating is due to thermal expansion
of tip and sample affecting the tunneling gap width

* Not important in the steady state with constant illumination, but in the case of
transient or modulated illumination = changes of the tunneling current occur

* Monitoring the optical power coupled to the tunneling junction!

* One can monitor photothermally induced modulation of the tunneling current as
a function of modulation frequency, laser power, and focus position and
interpreted the data in the framework of a simple model, attributing the effect to
thermal expansion of the sample

3 1 Experiment, W tip
. . . . E
* Issue: tip thermal expansion is ignored! <10
E 102f & anapex .-n. .1
g +  revacied by 50 um .
'g 10 (@) o reractsd by 100 um ‘o.'

100 101 102 108 104 10%
Frequency [Hz]

APL 49 (1986) 137

Surface photovoltage (SPV)

Irradiation by light with

enargy

depth z

density of

depletion layer

surface states

photocurrent
(electrons)

without illumination

with illumination (hv > E,

P

4

thermionic

current (holes)

hv greater than
Eqap Produces e-h pairs.

Ejielg Within the space
charge layer separates
the carrier pairs =
photocurrent of minority
carriers flowing towards
the surface

This reduces the surface
charge and hence the
band bending

+ Bands in the subsurface region of a p-doped semiconductor

having surface states within the band gap.
The diagram to the left shows the equilibrium situation in the

dark, while the right one illustrates the occurrence of a
surface photovoltage when the semiconductor is illuminated.

(FB is the Schottky barrier height and Vbb denotes the band

bending)

36
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Measuring SPV with the STM

* SPV delivers information about, for instance, surface states and carrier recombination.

FiG. 5. Atomically resolved measure.
‘ments of topography and surface photo-
voltage on SI(111)-(7x7) surfaces;
(A) Topographic image, sample
bias = — 1.0 V; (B) Surface photovol-
tage, average value = — 140 mV; (C)
three-dimensional representation of to-
pography data; (D) three-dimensional
representation of surface photovoltage
data; Arrows in panels (A) and (B) in-
dicate position of boundary between two
(7x7) domains. The laser was blocked
at the rightmost portion of the images.

The spatial dependence of the SPV
primarily results from the spatial

o ;U_ variation of the surface defect states
= and their local surface
P10 Tor recombination rates
FiG. 2, Diagram of optical system. EOM: electro-optic modulator; PP: po- PRL 64 (1990) 1054 37

larizing prisie; BS: beamsplitter; PD: photodiode.

4. Atomic Force Microscope (AFM)

» A very high-resolution type of scanning probe micr

. . T Photodetector
» was invented in 1986 (Binnig, Quate and Gerber)
()] 8 T
SCANMERS A C [ rEEDBACK \
FEEGBACK L Fl jrem
F| FEctea o | s I Lassr Beam
\ [ ] 4
BLOGK {ALUMINUM] &
¥ .
(6) 25en - Cantilevar
A1 AFM SAMPLE S z5mm
90 AFM DIAMOND TIRF IAMEND Tlr_‘l
i STM Tie (av) e T e,
0 CANTILEVER, L€ mm
STH SaMALE I Li e
E: MODULATING PIEZO LEVER
F: VITON Ha-FOIL) e =Can
FIG. 2. Experimental setup. The lever is not to scale in
{a). It dimensions are given m (b). The STM and AFM
piczoslectric drives are lacing each other, sundwiching the
diamond 1ip that is glucd to the lever.

— Tip Atoms

1‘ Force

e .2 @000
Three common types of AFM tip. (a) normal tip (3 .........

. Surface Aloms
pm tall); (b) supertip; (c) Ultralever (also 3 pm tall). -""
http://stm2.nrl.navy.mil/how-afm/how-afm.html#imaging%20modes http://www.molec.com/what is_afm.html
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Force

Force

AFM Operation modes

Tipis in hard contact
with the surface;
repulsive regime Tip is far from the
g surface; no deflection

/

™. Tipis pulled toward the
" surface - attractive regime

Probe Distance from Sample (z distance)

* Contact mode

- repulsive forces ~10° N
- damage to sample
- can measure frictional forces

Non contact

attractive (van der Waals) forces
regime

Lower resolution

No (lower) damage

Tapping (Intermittant contact) mode

- cantilever is oscillated at its resonant
frequency

repulsive force region, but touches the
surface only for short periods of time

Contact Mode AFM

Tip is in hard contact
Nith the surface;
yulsive regime

Tip is far from the
surface; no deflection

/
/

. _ Tipis pulled toward the
" surface - attractive regime

Probe Distance from Sample (z distance)

* high resolution, but wears out the tip
* high scan speed

« surface damage, if the surface is soft
« good for nanomechanical testing

* “must” use it if you measure dimension
of the surface features

* Tip is in contact with the surface =
the deflection of the cantilever or the
movement in the z piezo required to
keep the deflection

* Force constants for commercial
cantilevers ~0.1N/m = a displacement
of 1nm corresponds to a force 0.1nM

20



Tip is in hard contact
with the surface;
repulsive regime Tip is far from the
g surface; no deflection

/

Tip is pulled toward the
surface - attractive regime

Force
(=]
’
t

Probe Distance from Sample (z distance)

« resolution is slightly worse

« useful for sensitive (biological soft)
samples

Tip is in hard contact
with the surface;
repulsive regime Tip is far from the
g surface; no deflection

/

"\ Tip is pulled toward the

surface - attractive regime

Force
=)
.
+

Probe Distance from Sample (z distance)

Non-contact Mode AFM

*The cantilever is oscillated slightly
above its resonant frequency.

* Oscillations <10nm
* The tip does not touch the sample

« A constant oscillation amplitude is
maintained

Figure 3: Plasmid DNA on Mica:
In-situ Hybridized DNA for study of FISH

Plasmid DNA were
loaded onto the mica
substrate within an
aqueous buffer and
then rinsed and dried.
The image was
obtained using
WaveMode.

scan area = 900 x 900 nm

http:/lwww.quesant.com/Library

Intermittant (Tapping) Mode AFM

A cantilever with attached tip is
oscillated at its resonant frequency and
scanned across the sample surface

A constant oscillation amplitude (and
thus a constant tip-sample interaction)
are maintained during scanning.
Typical amplitudes ~ 20-100 nm

Forces can be <200 pN

The amplitude of the oscillations
changes when the tip scans over
bumps or depressions on a surface
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Approach vs retraction
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Drug Discovery Todsy

Applications

* Vacuum, air (water), liquid environment - mimic biological environment
- Folding of proteins;
- imaging of biomolecules

» 3D surface topography

+ Force measurements in pico N — nano N range in real solvent environments
- Binding forces of complimentary DNA strands
- Frictional Forces studies

» Combined with optical techniques
- SNOM (shear force microscopy, luminescence mode)

a4
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AFM of thin GaN film

* The surface morphology is dominated
by terraces and steps

* The step heights are approximately
0.25 nm, corresponding to one layer of
gallium and nitrogen atoms

» This illustrates the ability of AFM to
measure very small height changes on
surfaces

Scanner related artifacts
[

* Hysteresis

* Scanner creep
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Tip Related Artifacts

+ http://mww.doitpoms.ac.uk/tlplib/afm/tip_related.php

47

Summary
[

*+ STM and AFM may be used to image the micro- and nano-scale
morphology of a wide range of samples, including both conductive and
insulating materials, and both soft and hard materials.

» Successful imaging requires optimization of the feedback circuit which
controls the cantilever height, and an understanding of the artifacts which
may arise due to the nature of the instrument and any noise sources in its
immediate environment.

» Despite these issues, atomic force microscopy is a powerful tool in the
emerging discipline of nanotechnology

48
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