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Objective: learn the general techniques that are essential for SPM.
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2.1: Tips



Tips geometry requirements

Need for atomically-sharp apex for atomic resolution on a “flat”
surface, rest of the tip can be blunt.

The latter point is also true for AFM and related techniques.

Strong relief: need for a small angle,
otherwise the surface is not faithfully imaged.



An artefact: tip imaging

Sample with needle-like structures: a Al2O3 surface imaged by AFM.

The blunt tip is imaged by the sharp sample needle-like structures.

Effect recognized by observation of numerous identical structures.

Different brightness due to different heights of the needles. 

459 x 459 nm2 918 x 918 nm2

www.nanosensors.com



STM tips: materials

Criteria:
Surface quality, low oxydability,
Ease of preparation,
Rigidity.

Materials:
W: easy to etch, rigid.
Pt: very low oxydability, but soft.
Au: very low oxydability but very soft.
Pt90Ir10: good rigidity/oxydability compromise.

Tip can be simply cut from a wire.
Electrochemistry-based recipies are more 
reliable.



STM tips: etching techniques
Material-dependent, W is easy.
The reactants flow governs the locality of the etch.

The excess etching time after the drop of the lower part has a 
strong influence on the final tip geometry:
Long over-etch = blunt tip.

100 µm

1 µm



STM tips: final preparation

Used in some specific cases.

Objectives:

Improve tip geometry, remove oxide:
- by thermal treatment: at 1000°C : 2 WO3+ W -> 3 WO2 volatile
- by field evaporation (atom migration)

Attach some atoms of another element (Si, Cu):
- by controlled collision
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2.2: Basics of piezo-electricity



The piezo-electric effect

Discovered by Pierre and Jacques Curie (1880).

Expansion/contraction electrical potential difference

Needs to be an electrically insulating material.

If z and - z are equivalent axes, no piezo-electric response. 



Applications of piezo-electricity
Only some anisotropic crystals are piezo-electric: quartz, Rochette salt 
KNaC4H4O6-4H2O, PZT ceramics, GaAs …

Cigarette lighter, sparkers used to ignite gas stoves
Loudspeakers
Crystal resonators for frequency reference in electronics and “quartz 
watches”



The piezo-electric coefficients
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In the linear response regime:
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most used mode, d31 = 10-3 to 10 Å/V

If voltage applied along the poling 
axis = 3 = z, only d3… are used:

By symmetry, usually d32 = d31



The PZT materials (1)

Ceramic, solid solutions of PbZrO3 and PbTiO3. 
Pb-Zr-Ti = PZT.

Ferro-electric with TCurie about 250°C, to be 
used well below.

T < TCurie

T > TCurie

3

O
Pb
Ti, Zr

cubic
tetragonal

Before 
poling

During
poling After

Polarization process (60 kV/cm, 1h) necessary, 
aligns dipoles along poling axis (z).



The PZT materials (2)
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Piezo-electric coefficients depend strongly on composition, temperature.
d31 = 1-3 Å/V, d33 = 2-6 Å/V
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2.3: Piezo-electric actuators



The tripod
Used by Binnig et al.
Difficult to mount, not very rigid.
But easy to operate and to calibrate at the metrological level 
(with capacitive sensors).
A bar for every direction:

V

Length L = 2 cm, thickness e = 2.5 mm, V = 250 V (Eel = 105 V/m), 
d31 = 2.5 Å/V
dLmax = 5000 Å, sensitivity = 20 Å/V
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The piezo-electric tube

Inner and outer faces are metallized to form two electrodes.

Radial poling, radial electric field : axis 3 = radial direction.

Used to generate a movement in the tube axis direction..

Similar sensitivity but natural rigidity of the tubular geometry.

Direction of 
poling and of 
electric field

VZ



The piezo-electric tube
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L
e
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Example:
Length L = 2 cm, wall thickness e = 0.5 mm, Vmax = 250 V (Eel = 
5.105 V/m), d31 = 2.5 Å/V.

dLmax = 25000 Å = 2.5 µm, sensitivity = 100 Å/V

On drawing, deformation is much exaggerated.



The scanner tube

Tube with again radial poling.
Four quadrant electrodes on the outer face:
+ Vx,y and – Vx,y applied on two opposite electrodes.
Again, a voltage Vz can be applied on the (single) internal electrode.

VZVX-VX VY-VY



The scanner tube
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∂X =
2 2
π

d31
L2

De
V

Same parameters + Diameter D = 1 cm.
dXmax = 50000 Å = 5 µm, sensitivity = 200 Å/V

Bow: displacement not purely lateral.
Voltage Vz applied to inner electrode: Z movement capability added.
Three movements can be done simultaneously.
Compact and quite sensitive : broadly used.

VX-VX

∂X

X



The benders

+V

+V
0

Base

Low stiffness, force and resonant frequency.

A scanner built with 4 benders polarized in two halves: no angle 
with interest for laser beam reflection in AFM.

Similar effect as the scanner tube but in a single plate geometry.

Poling in the up direction



The shear piezos
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∂X = d15V

The labels 4, 5 and 6 in piezo-electric coefficients describe rotations.

Here, E is applied along direction 1, perpendicular to poling.
The corresponding strain coefficient d15 is as high as 11 Å/V.

L = 1 mm, Vmax = 250 V (Eel = 2.5 105 V/m), d15 = 10 Å/V
dXmax = 250 Å.

High forces, used in coarse positioning.

V

poling axis



Fragility (it’s a ceramic !)

No pulling force 
without preload.

No lateral force or 
torque.

Ball tips or flexures to 
decouple lateral forces

Ball tips or flexures to 
decouple bending forces.



Hysteresis and creep

Hysteresis for various peak voltages.

www.physikinstrumente.com/tutorial/index.htmlwww.physikinstrumente.com/tutorial/index.html

Creep after a (here 60 
µm) displacement
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ΔL = ΔLt=0.1 1+ γ log t 0.1( )[ ]



Other limitations

High voltage amplifiers noise: about 1 mV over 0 to 5 kHz.
Induced mechanical noise = about 0.1 Å !      (sensitivity 100 Å/V)
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8
c

4L2

Mechanical resonances:
Elongation :

Flexion :

c = 3 km/s, L = 1 cm, d = D = 3 mm
felongation = 105 Hz ; fflexion = 104 Hz

Aging: re-calibration needed.
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2.4: Scanning



The scan

and so on …

Trace: tip is scanned, topography is recorded.

Retrace: tip is scanned back, topography can be recorded also.

Start of the image

Slow
 scan direction

Fast scan direction

Tip is moved to start position, 
scanned over the surface, and 
moved back to start position.



Image rendering

Vx, time

Images traced in the hypothesis of a displacement at constant speed
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Exemple of hysteresis effect

trace retrace

Images traced in the hypothesis of a displacement at constant speed
Difference between trace and retrace images.
Tip shifted left (right) in the course of the trace (retrace) image.

Vy

Vx



Closed loop operation

Capacitive position sensor

Closed loop operation: actual position is measured and corrected.

Available in various commercial AFMs.
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2.5: Coarse positioning
how to make approach of a sample towards a tip

(from mmm scale down to nm)



The inertial motor 

C. Renner et al., Rev. Sci. Instrum. 61, 965 (1990).

Wagon on two rods, 
non-sliding condition :

T = ma : tangential part
N : normal part of 
the contact force

If

the wagon slides.
One step = about 10-50 nm.
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From Attocube company:

Example of commercial inertial motors



The Pan motor

Based on shear piezos. Walker (inchworm) regime: leg by leg 
movement, 3 stick more than 1. Retraction of the 4 legs together.
Can also be operated in the inertial regime (4 legs pulsed together).

S. Pan et al, Rev. Sci. Instrum. 70, 1459 (1999).

ences due to gravity. This is an important feature as it allows
a compact design suitable for use in the most common top
loading refrigerators and in small bore, high field, solenoid
magnets. Furthermore, the piezo legs constantly clamp the
moving shaft and no voltage is required to keep the shaft in
position while it is stationary. Thus the entire structure is
rigid and stable. The piezo motor in our STM head has a step
size of about 2000 Å at room temperature and about 300 Å at
temperatures below 4 K, when driven with a peak voltage of
300 V. One can easily vary the step size by changing the
applied voltage.

As shown in Fig. 1, a 1/8 in. diameter piezotube scanner
~4! is glued with epoxy onto the scanner holder ~5!, which is
also machined from Macor. This assembly is then mounted
into the hole in the sapphire prism ~6!. The assembly of ~4!
and ~5! can easily be changed to obtain various scan ranges.

The tip holder in our design is a fine metal tube glued into a
ceramic tube and then glued on top of the tube scanner. The
tip ~3! is held in the fine tube simply by friction.

The design of the STM head is simple and compact. It
has a dimensions of 1.75 in. in height and 1.5 in. in diameter.

B. Refrigeration, thermometry, and superconducting
magnet

The refrigeration scheme used in this setup is a specially
designed, low noise, single shot, 3He sorption refrigerator.
As shown in the schematic drawing of Fig. 3, the refrigerator
is housed in a vacuum can ~9! which is immersed in a liquid
helium bath inside a superinsulated Dewar.7 The small ~4.5
in. diameter! but long ~3 ft.! neck of the Dewar reduces the
boil-off rate of the liquid helium to about 4 l a day ~with the
superconducting magnet installed! and thus also reduces vi-
brations due to evaporation of the liquid 4He in the bath. A
750 l /min rotary pump is used to pump on the 4He pot,
which is inside the vacuum can, to achieve a temperature of
1.2 K at the 4He stage. This temperature will condense the
3He sample into about 10 cc of liquid in the 3He pot. An
activated charcoal pump ~7!, when lowered into the 4.2 K
region by a lift mechanism ~4!, pumps on the condensed 3He
to achieve a base temperature of 220 mK at the 3He stage. To
achieve this temperature, all mechanical and electrical con-
nections from room temperature must be minimized and
carefully heat sunk. Radiation from room temperature is also
carefully baffled. With these measures, 10 cc condensed 3He
can keep the refrigerator at 220 mK for about three days
before recondensation is needed.

At the STM head we reach a base temperature of 237
mK. A commercially calibrated Cernox thermometer8 is at-
tached to the sample receptacle to ensure accurate measure-

FIG. 1. STM head, ~a! top view ~with sample receptacle removed for clar-
ity! and ~b! side view. 1.5 in. in diameter by 1.75 in. high. ~1! Sample
receptacle, ~2! sample holder, ~3! tip, ~4! tube scanner, ~5! scanner holder,
~6! sapphire prism, ~7! shear piezo stacks, ~8! macor body, ~9! spring plate
~not to scale!.

FIG. 2. Schematic illustration of the working principle of the piezo coarse
approach motor. ~a! The sequence of motions of shear piezo stacks and the
sapphire prism. ~b! The sequence of voltages applied to each piezo leg to
produce the motions in ~a!.

FIG. 3. STM cryostat and vibration-isolation table. ~1! Manipulator rod, ~2!
load-lock chamber, ~3! gate valve, ~4! charcoal sorption pump lift/lowering
mechanism, ~5! table top of the vibration-isolation table, ~6! air-spring, ~7!
activated charcoal sorption pump, ~8! mechanical sample cleavage stage, ~9!
vacuum chamber, ~10! supporting leg, ~11! superinsulation Dewar, ~12!
stacked rubber and steel pads, ~13! 7 T magnet ~not to scale!.
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loading refrigerators and in small bore, high field, solenoid
magnets. Furthermore, the piezo legs constantly clamp the
moving shaft and no voltage is required to keep the shaft in
position while it is stationary. Thus the entire structure is
rigid and stable. The piezo motor in our STM head has a step
size of about 2000 Å at room temperature and about 300 Å at
temperatures below 4 K, when driven with a peak voltage of
300 V. One can easily vary the step size by changing the
applied voltage.

As shown in Fig. 1, a 1/8 in. diameter piezotube scanner
~4! is glued with epoxy onto the scanner holder ~5!, which is
also machined from Macor. This assembly is then mounted
into the hole in the sapphire prism ~6!. The assembly of ~4!
and ~5! can easily be changed to obtain various scan ranges.

The tip holder in our design is a fine metal tube glued into a
ceramic tube and then glued on top of the tube scanner. The
tip ~3! is held in the fine tube simply by friction.

The design of the STM head is simple and compact. It
has a dimensions of 1.75 in. in height and 1.5 in. in diameter.

B. Refrigeration, thermometry, and superconducting
magnet

The refrigeration scheme used in this setup is a specially
designed, low noise, single shot, 3He sorption refrigerator.
As shown in the schematic drawing of Fig. 3, the refrigerator
is housed in a vacuum can ~9! which is immersed in a liquid
helium bath inside a superinsulated Dewar.7 The small ~4.5
in. diameter! but long ~3 ft.! neck of the Dewar reduces the
boil-off rate of the liquid helium to about 4 l a day ~with the
superconducting magnet installed! and thus also reduces vi-
brations due to evaporation of the liquid 4He in the bath. A
750 l /min rotary pump is used to pump on the 4He pot,
which is inside the vacuum can, to achieve a temperature of
1.2 K at the 4He stage. This temperature will condense the
3He sample into about 10 cc of liquid in the 3He pot. An
activated charcoal pump ~7!, when lowered into the 4.2 K
region by a lift mechanism ~4!, pumps on the condensed 3He
to achieve a base temperature of 220 mK at the 3He stage. To
achieve this temperature, all mechanical and electrical con-
nections from room temperature must be minimized and
carefully heat sunk. Radiation from room temperature is also
carefully baffled. With these measures, 10 cc condensed 3He
can keep the refrigerator at 220 mK for about three days
before recondensation is needed.

At the STM head we reach a base temperature of 237
mK. A commercially calibrated Cernox thermometer8 is at-
tached to the sample receptacle to ensure accurate measure-

FIG. 1. STM head, ~a! top view ~with sample receptacle removed for clar-
ity! and ~b! side view. 1.5 in. in diameter by 1.75 in. high. ~1! Sample
receptacle, ~2! sample holder, ~3! tip, ~4! tube scanner, ~5! scanner holder,
~6! sapphire prism, ~7! shear piezo stacks, ~8! macor body, ~9! spring plate
~not to scale!.

FIG. 2. Schematic illustration of the working principle of the piezo coarse
approach motor. ~a! The sequence of motions of shear piezo stacks and the
sapphire prism. ~b! The sequence of voltages applied to each piezo leg to
produce the motions in ~a!.

FIG. 3. STM cryostat and vibration-isolation table. ~1! Manipulator rod, ~2!
load-lock chamber, ~3! gate valve, ~4! charcoal sorption pump lift/lowering
mechanism, ~5! table top of the vibration-isolation table, ~6! air-spring, ~7!
activated charcoal sorption pump, ~8! mechanical sample cleavage stage, ~9!
vacuum chamber, ~10! supporting leg, ~11! superinsulation Dewar, ~12!
stacked rubber and steel pads, ~13! 7 T magnet ~not to scale!.
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top view with sample receptacle removed for clarity and 
side view. 1.5 in. in diameter by 1.75 in. high. (1) Sample 
receptacle, (2) sample holder, (3) tip, (4) tube scanner, (5) 
scanner holder, (6) sapphire prism, (7) shear piezo 
stacks, (8) macor body, (9) spring plate (not to scale).

ences due to gravity. This is an important feature as it allows
a compact design suitable for use in the most common top
loading refrigerators and in small bore, high field, solenoid
magnets. Furthermore, the piezo legs constantly clamp the
moving shaft and no voltage is required to keep the shaft in
position while it is stationary. Thus the entire structure is
rigid and stable. The piezo motor in our STM head has a step
size of about 2000 Å at room temperature and about 300 Å at
temperatures below 4 K, when driven with a peak voltage of
300 V. One can easily vary the step size by changing the
applied voltage.

As shown in Fig. 1, a 1/8 in. diameter piezotube scanner
~4! is glued with epoxy onto the scanner holder ~5!, which is
also machined from Macor. This assembly is then mounted
into the hole in the sapphire prism ~6!. The assembly of ~4!
and ~5! can easily be changed to obtain various scan ranges.

The tip holder in our design is a fine metal tube glued into a
ceramic tube and then glued on top of the tube scanner. The
tip ~3! is held in the fine tube simply by friction.

The design of the STM head is simple and compact. It
has a dimensions of 1.75 in. in height and 1.5 in. in diameter.

B. Refrigeration, thermometry, and superconducting
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designed, low noise, single shot, 3He sorption refrigerator.
As shown in the schematic drawing of Fig. 3, the refrigerator
is housed in a vacuum can ~9! which is immersed in a liquid
helium bath inside a superinsulated Dewar.7 The small ~4.5
in. diameter! but long ~3 ft.! neck of the Dewar reduces the
boil-off rate of the liquid helium to about 4 l a day ~with the
superconducting magnet installed! and thus also reduces vi-
brations due to evaporation of the liquid 4He in the bath. A
750 l /min rotary pump is used to pump on the 4He pot,
which is inside the vacuum can, to achieve a temperature of
1.2 K at the 4He stage. This temperature will condense the
3He sample into about 10 cc of liquid in the 3He pot. An
activated charcoal pump ~7!, when lowered into the 4.2 K
region by a lift mechanism ~4!, pumps on the condensed 3He
to achieve a base temperature of 220 mK at the 3He stage. To
achieve this temperature, all mechanical and electrical con-
nections from room temperature must be minimized and
carefully heat sunk. Radiation from room temperature is also
carefully baffled. With these measures, 10 cc condensed 3He
can keep the refrigerator at 220 mK for about three days
before recondensation is needed.

At the STM head we reach a base temperature of 237
mK. A commercially calibrated Cernox thermometer8 is at-
tached to the sample receptacle to ensure accurate measure-
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ity! and ~b! side view. 1.5 in. in diameter by 1.75 in. high. ~1! Sample
receptacle, ~2! sample holder, ~3! tip, ~4! tube scanner, ~5! scanner holder,
~6! sapphire prism, ~7! shear piezo stacks, ~8! macor body, ~9! spring plate
~not to scale!.

FIG. 2. Schematic illustration of the working principle of the piezo coarse
approach motor. ~a! The sequence of motions of shear piezo stacks and the
sapphire prism. ~b! The sequence of voltages applied to each piezo leg to
produce the motions in ~a!.

FIG. 3. STM cryostat and vibration-isolation table. ~1! Manipulator rod, ~2!
load-lock chamber, ~3! gate valve, ~4! charcoal sorption pump lift/lowering
mechanism, ~5! table top of the vibration-isolation table, ~6! air-spring, ~7!
activated charcoal sorption pump, ~8! mechanical sample cleavage stage, ~9!
vacuum chamber, ~10! supporting leg, ~11! superinsulation Dewar, ~12!
stacked rubber and steel pads, ~13! 7 T magnet ~not to scale!.
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Stepper motors

Present in most commercial AFMs, accuracy down to 30 nm.

The electromagnet 1 is turned on, aligning the nearest rotor teeths 
with the stator teeths. At this point, the rotor are slightly offset from 
electromagnet 2 teeths. The electromagnet 2 is turned on, …

Here 25 teeths on rotor, on stator period corresponding to 24 teeths, rotation of 360°/(25x4)=3.6° per cycle.

Works usually only in ambiant conditions (grease needed).



Chapter 2
Scanning probes microscopes 

instrumentation

2.6: Design rules and examples



Vibration isolation
xM = difference between tip and base positions:   
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xM t( ) = xM0 sin ωt + # ϕ ( )

base

Incoming vibrations / mechanical damping. Practical limitation: f0 > 2 Hz
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100

101
Need for a double stage isolation

With a 1 µm vibration source at 1 kHz, a 10-6 transfer amplitude gives
here a 1 pm vibration on the microscope. 10-3 gives 1 nm = 10 Å.

Two-stage attenuation

Amplitude
transfer

f0 = 3 Hz, Q = 2

f0 = 1 Hz, Q = 2

f0‘ = 300 Hz, Q = 10

Pulsation (Hz)

One-stage attenuation



Very low temperature (60 mK) 
AFM-STM with Attocube motors

Th. Quaglio, F. Dahlem, S. Martin, A. Gérardin, 
C. B. Winkelmann and H. Courtois, Rev. Sci. 
Instrum. 83, 123702 (2012).

Very low-temperature 
AFM-STM with 

positioning motors



The beetle geometry

Well adapted to ultra-high vacuum 
(UHV) systems.

Excellent access to sample and tip.

Coarse approach based on the displacement of the 3 feet along a ramp.

J. Frohn et al., Rev. Sci. 
Instrum. 60, 1200 (1989).

P. Mallet & J.-Y. Veuillen, Néel Institute



Veeco microscope (at CIME)

Piezo tube for tip scanning
Stepper motors for sample coarse positioning.
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2.7: SPM control



STM control electronics

tip

sample
Z

piezo

Current preamp.

Set point

PID regulation

Z position

Tunnel current

XY
piezo

High Voltage amplifier

Scan drive 

Vbias

error signal e(t) 
= 0 at 

equilibrium

feedback loop

Here, the sample is scanned. It could be the tip, no difference.



The tunnel current measurement

RIt

VS = R It

Cstray

R = 100 MΩ usually
1 nA -> 0.1 V

Cwire

-

+

Bandwidth = 1/RCstray = 108.10-12 =10-4 s
Op-amp noise = current noise + voltage noise/wire-ground impedance

Thermal noise of the resistance R : 

  

€ 

iOA = inoise + Cwireωvnoise

  

€ 

Pnoise = 4kBTΔf ⇒ iJohnson =
4kBTΔf

R
≈ 0.3pA

about 5 nV/Hz1/2

in [0;3kHz]



The PID regulation

correction 
signal

P

I

D

Serror
e(t)

signal

set-point
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KP e t( )
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KD
de t( )

dt

  

€ 

KI e t( )dτ∫

P, I and D signals generated analogically with op-amps or digitally. 

-



The PID regulation (2)
Strong KP for large gain, strong KI to accelerate the response

Ziegel-Nichols coefficients setup procedure: increase KP until 
oscillations appear, reduce KP to 0.45 of this critical value, set KI to 0.85 
the oscillation period. KD little useful. J. Ziegel, N. Nichols, Trans. ASME 64, 759 (1942). 

increase KP

Time

PID response
to a step



Feedback and error signal

A feedback is like a low-pass filter
High frequencies appear in the error signal, that looks like the derivative
of the feedback.
Faster scanning or slower feedback generates larger errors

Si(111)-7x7, 10x10nm2

topography ∆z = 0.2nm 
„image“

IT = 0.5nA; ∆IT = 0.18nA;  
„error signal“

dz/dx derivative  
„simulated error signal“

Note:  
1. a feedback is like a low-pass filter, filtering away the high frequency signals.  
    The latter appear in the error signal. 
2. Faster scanning or slower feedback generates larger errors. 
3. maximum feedback speed is limited by the systems responce time. 
4. Feedback errors look like the d/dx derivative of the image

Feedback and Error Signals



SPM control electronics

Z
piezo

Set point

PID regulation

XY
piezo

High Voltage amplifier

Scan drive 

Probe signal
processing

Probe data
information

Z positiontip

sample feedback loop

Electronics can be analog or digital.

error signal e(t) 
= 0 at 

equilibrium


