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STM AFM

• First nc-AFM image with atomic resolution reported in 1995 on the Si(111)7x7 surface : Quartz crystal (piezoelectric material) → cutting according to watch industry methods → QTF

• AFM = scanning probe technic (nano-tip close to a surface): tip is located at the end of a micro-lever = cantilever / QTF

• Mechanical analogy for the tip-microlever system : oscillator of stiffness k 0 , resonance frequency of the fundamental bending mode f 0 subject to an interaction force F int with the sample surface C1-The probe
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• Detection process : the deflection & the torsion calculation is performed out of a further analog operationnal stage C3-Detecting the interaction force: cantilever 
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• Concept, along a single line :

C4-Surface scanning & feedback

The Z-feedback makes it possible to keep constant the probe deflection (i.e. the « setpoint » defined by the user) and hence to protect the tip! A « topographic image » then reflects an « iso-deflection = iso-interaction force » image of the surface AFM (contact mode concept): summary

• A probe (cantilever / QTF) detects the interaction force that develops between the nanoscopic tip and the surface

• A good mechanical analogy for the probe is the damped harmonic oscillator

• The resulting force ranges typically from 0.1 pN to 10 nN. It consists in a superposition of several components (van der Waals, electrostatic, interatomic) with various ranges of distances (>10 nm, ~nm, 0.1 nm), first attractive (noncontact), then repulsive (contact).

• Upon the sample surface topography, that force gives rise to a deflection of the probe that can be detected and used as a feedback signal to control the position of the surface while scanning and ultimately form a « topographic » image of the surface D1-Dynamic AFM specificities • Measures with the tip-surface distance:

1. Oscillation frequency f 2.

Oscillation amplitude A 3.

Excitation amplitude A exc 4.

Phase shift between excitation and oscillation j

•

The mechanical system behaves as a forced damped harmonic oscillator (to be checked experimentally) • Question : Relevant forces in AFM are in the nN range. Are these below the minimum force an AFM can detect?

• Conceptually, the minimum force the apparatus may detect is the force due to the thermal fluctuations of the probe • 5 variables : Excitation amplitude A exc , Excitation frequency f (pulsation w = 2p f), Oscillation amplitude A, Phase j (excitation / oscillation) and Tip-surface distance D

• The probe behaves as a forced damped harmonic oscillator

• Theoretical framework for the free oscillator (D →  , no interaction force) :

D3-Non-linear dynamics and modelization • 5 variables : Excitation amplitude A exc , Excitation frequency f (pulsation w = 2p f), Oscillation amplitude A, Phase j (excitation / oscillation) and Tip-surface distance D

• The non-linear dynamics of the probe is accounted for by the system {cos(j), sin(j)} (cf. equs. 12)

• The variables that are kept constant in this system set the operation mode :

Dynamic AFM : summary

• To avoid damaging the surface and/or the tip upon contact, it is worth using dynamic rather than static AFM

• Then, the probe is brought into oscillation at a frequency close, or equal, to the one of its fundamental bending mode

• Owing to the non-linear character of the tip-surface interaction force, the probe exhibits a non-linear dynamics that may be well-understood when assuming that it behaves as forced damped harmonic oscillator

• Controlling the oscillation parameters of the probe such as its excitation amplitude, oscillation amplitude, phase and frequency set the dynamical operation mode

• In non-contact AFM, the phase and the oscillation amplitude are kept constant. The phase is set to -p/2 (resonance condition) • "Forces and frequency shifts in atomic-resolution dynamic-force microscopy" F.J. Giessibl, Phys. Rev. B 56(24), 16010-16015 (1997) • "Relations between interaction force and frequency shift in large amplitude dynamic force microscopy" U. Dürig, Appl. Phys. Lett. 75(3), 433 (1999) • "Nonlinear dynamical properties of an oscillating tip-cantilever system in the tapping mode" L. Nony et al., J. Chem. Phys. 111(4) , 1615-1627 (1999) • "Noncontact atomic force microscopy simulator with phase-locked-loop controlled frequency detection and excitation" L. Nony et al., Phys. Rev. B 74, 235439, (2006) • Question : How is the information of the tip-surface interaction force concealed in the Df ?

• The calculation of the frequency shift can be simplified upon linearization of the interaction force by assuming small oscillation amplitudes (A ~ 50 pm << D).

• In this case, we can prove that the interaction-shifted resonance frequency simplifies to :

• Assuming k >> Fint/ s, we get the linearized formula for the frequency shift :

E2-Connection with the modelization (2)

(Equ.18) (Equ.19) (Equ.20)
• Question : How is the information of the tip-surface interaction force concealed in the Df ?

• The calculation of the frequency shift can be simplified upon linearization of the interaction force by assuming small oscillation amplitudes (A ~ 50 pm << D).

• In this case, we can prove that the interaction-shifted resonance frequency simplifies to :

• Assuming k >> Fint/ s, we get the linearized formula for the frequency shift : For small oscillation amplitudes and with stiff probes such as QTF, the frequency shift is proportionnal to the interaction force gradient.

E2-Connection with the modelization (2)

• Vertical sensitivity in the short-range regime (order of magnitude):

• The experimental control on Df is better than 0.1 Hz (around f 0 ~150 kHz), i.e. 1 pm vertical resolution !

• This is what is achieved at low temperature (LHe, 4K).

• At room temperature, the noise level of the instrument (amplitude detection...) exceeds that value. The resolution is rather 10 pm.

• This sensitivity is enough to achieve atomic resolution at room temperature too 

  Beyond « imaging »… • Atomic / molecular charge control : « Probe-based measurement of lateral single-electron transfer between individual molecules » W. Steurer et al., Nature Comm. 6, 8353 (2015) 18 « Measuring the charge state of an adatom with non-contact atomic force microscopy » L. Gross et al., Science 324, 1428 (2009) Focus of that lecture • Introduction to non-contact Atomic Force Microscopy (nc-AFM) : -Physical concepts -Technical concepts (instrumentation, ultra-high vacuum environment) -Examples of recent results -Worldwide nc-AFM groups leaders • How does nc-AFM allow such a spatial resolution? • Atomic Force Microscopy (AFM) : ▪ Developed in 1986 by the contrivers of the Scanning Tunneling Microscope (STM, 1982 at IBM Zurich research lab., G. Binnig & H. Rohrer, Physics Nobel Price) ▪ Images of the surface of any kind of sample in real space with atomic vertical and lateral resolution by sensing interatomic interaction forces between a nano-tip and the sample surface A -Scanning Probe Micr. : historical context

  physics processes down to atomic scale requires : -To have sample preparation methods with atomic-scale control -To perform the sample preparation within a clean environment to keep it clean over a long-enough duration (no humidity, no external contaminants…) -To perform SPM experiments within that laps of time B-Ultra-High Vacuum environment • Investigating surface physics processes down to atomic scale requires : -To have sample preparation methods with atomic-scale control -To perform the sample preparation within a clean environment to keep it clean over a long-enough duration (no humidity, no external contaminants…) -To perform SPM experiments within that laps of time Low pressure environment = Ultra-High Vacuum (UHV) ~10 -25 °C = 298 K One mole of gas (n = 1, i.e. N = nxN A =6.02 10 23 atoms) occupies a volume: V = 24.4 l = 24.4 dm 3 Density : ~ 2.5 10 19 at./cm 3 PV = nRT Gas molecules confined within a tank with a random speeds distribution defining an averaged temperature T B-Ultra-High Vacuum environment (Equ.01) UMR 7334, CNRS, Universités d'Aix-Marseille (AMU) et de Toulon (UTLN) 30 PV = nRT • Pumping down the tank at constant volume and contant temperature : Pumping flow (puming methods won't be detailed here) the samples to be kept clean at the atomic scale over couple of days, which permits SPM experiments to be performed • From room down to low temperature (RT/LT): PV = nRT Assume a UHV & room temperature (T 1 =298 K) regime: • P 1 = 4 10 -11 mbar → 1 L / day B-Ultra-High Vacuum environment • UHV allows the samples to be kept clean at the atomic scale over couple of days, which permits SPM experiments to be performed • From room down to low temperature (RT/LT): PV = nRT Assume a UHV & room temperature (T 1 =298 K) regime: • P 1 = 4 10 -11 mbar → 1 L / day At liquid nitrogen (T 2 = 77 K): • P 2 = P 1 xT 2 /T 1 = 10 -11 mbar → 1 L / 4 days At liquid helium (T 3 = 4 K): • P 3 = P 1 xT 3 /T 1 = 5.3 10 -13 mbar → 1 L / 20 days 10 -10 mbar (NB: ambient pressure = 1013 mbar) • Allows the samples to be kept clean at the atomic scale over couple of days, which permit SPM experiments to be performed with atomic sensitivity • SPM experiments in UHV can either be carried out at room temperature (298 K), or low temperature (LN 2 77 K, LHe 4 K) • Requires a dedicated setup (UHV chambers, cryostats, pumps, preparation stages, manipulators…) the tip-surface interaction force: a. Cantilever b. Quartz tuning fork 4. Surface scanning and feedback C -AFM in 4 steps (contact mode concept) • AFM = scanning probe technic (nano-tip close to a surface): tip is located at the end of a micro-lever that can either be a cantilever, or a Quartz Tuning Fork (QTF) ://www.nanosensors.com • Nanoandmore: https://www.nanoandmore.com • Nanoworld: https://www.nanoworld.com/ • … Silicon wafer → lithography methods → Integrated tip-cantilever mechanical system • AFM = scanning probe technic (nano-tip close to a surface): tip is located at the end of a micro-lever = this can either be a cantilever, or a Quartz Tuning Fork (QTF) C1-The probe 2 A. Castellanos-Gomez et al. Scanning Probe Microscopy in Nanoscience and Nanotechnology 3, 23-53 (2013) r = 10nm 1 F.Giessibl, Appl.PhysLett. 76, 1470 (2000); Science 267, 68 (1995) QTF applied to nc-AFM: • The tip consists in a PtIr or W chemicallyetched wire that is glued at the end of one of the QTF's prongs • qPlus TM sensor concept 1 Image after 2

•••

  Photocurrent (/quad)Total photocurrent

▪

  Here a simple I/V converter is enough to convert the piezoelectric current produced by the quartz upon deflection into a usefull measurable voltage ▪ Detection of the QTF deflection is made much easier compared to cantileversadapted from Park systems: https://parksystems.com UMR 7334, CNRS, Universités d'Aix-Marseille (AMU) et de Toulon (UTLN)

••

  : Excitation amplitude A exc , Excitation frequency f (pulsation w = 2p f), Oscillation amplitude A, Phase j (excitation / oscillation) and Tip-surface distance D • The probe behaves as a forced damped harmonic oscillator • Theoretical framework for the free oscillator (D →  , no interaction force) : Experimental illustration 1 (cantilever, f 0 = 270 kHz, Q = 45000, UHV) : no interaction force with the surface (D →  ) 1. Polesel et al., Nanotechnology 14,1036 (2003) Experimental illustration 1 (cantilever, f 0 = 270 kHz, Q = 45000, UHV) : no interaction force with the surface (D →  ) 1. Polesel et al., Nanotechnology 14,1036 (2003) time, the assumption according to which the probe behaves as forced damped harmonic oscillator is wellvalid • Q = 45000 & f 0 = 270 kHz → G 0 = 6 Hz : sharp resonances ! (UHV-forced) • Question : how does the interaction force change the probe dynamic? et al., Phys Rev. B 58, 10835 (1998) et al., Nanotechnology 14:1036 (2003) Nony et al. J.Chem.Phys.111,1610 (1999) Nony et al. J.Chem.Phys.111,1610 (1999) et al. J.Chem.Phys.111,1610 (1999) Short-range: Morse L.Nony et al., Phys.Rev.B 74, 235409 (2006) D3-Non-linear dynamics and modelization • Coupling terms (Fourier components of the interaction force @ f-linear dynamics and modelization 4. Towards non-contact AFM D4-Towards non-contact AFM Phase j (=-p/2 : resonance) and Oscillation amplitude A are constant ↓ system {cos(j), sin(j)} solved w.r.t f and A exc … non-contact AFM 1 ↓ 1 T.Albrecht et al., J.Appl.Phys.69, 668 (1991) 

▪

  resonance frequency shift : Df = ෩ 𝑓 0 -𝑓 0 ▪ excitation amplitude required to keep the oscillation amplitude A 0 constant• Probed interaction : most generally, attractive interaction force (non-contact)• z feedback (Topography image) : performed to keep Df constant (more conceptual than the probe deflection) worldwide nc-AFM groups (experimental)• Oscillation amplitude (=A 0 ) and phase (=-p/2) are forced : solving the system {cos(j), sin(j)} (cf. equ.12a & b) w.r.t. f → f 0 and A exc .• Regarding conservative interactions → frequency shift : Df = f 0 -f 0• Hence the analytic expression for Df :

••▪

  Df as a function of the tip-surface distance measured on Cu(111) surface (QTF, A 0 = 50 pm, f 0 = 23 kHz, Q= 40000, k= 1800 N/m) : Df as a function of the tip-surface distance measured on Cu(111) surface (QTF, A 0 = 50 pm, f 0 = 23 kHz, Q= 40000, k= 1800 N/m) : The PLL ensures the detection of Df w.r.t. a reference frequency which is fixed equal to the resonance frequency of the free cantilever f 0 , therefore matching the phase condition j = -p/2 ▪ Non-contact AFM = Frequency demodulation around f 0 ! how is Df experimentally detected / what instrumentation ? • Answer : a Phase Locked Loop (PLL) is used: UMR 7334, CNRS, Universités d'Aix-Marseille (AMU) et de Toulon (UTLN)154• Principle for the retention of the excitation at resonance (

  

  

  

  

  

  

  

  

  

  

UMR 7334, CNRS, Universités d'Aix-Marseille (AMU) et de Toulon (UTLN)

C2-Tip-surface interaction forces 1 Adapted from PhD thesis S.Burke, Mac Gill Univ., 2008 UMR 7334, CNRS, Universités d'Aix-Marseille (AMU) et de Toulon (UTLN)

C2-Tip-surface interaction forces

C2-Tip-surface interaction forces UMR 7334, CNRS, Universités d'Aix-Marseille (AMU) et de Toulon (UTLN)

C4-Surface scanning & feedback• Image topography :

1-https://www.im2np.fr/fr/equipe-nanostructuration-nano 2-DOI: 10.13140/RG.2.2.28075.39200

Pentacene, as imaged by non-contact Atomic Force Microscopy (nc-AFM)

Non contact-AFM : summary

• Demodulation technic of the frequency of the probe when it oscillates close to the surface (f 0 ) around a central frequency which is the resonance frequency of the free probe (f 0 ), which forms the so-called frequency shift signal :

• The oscillation amplitude (A 0 ) and the phase (j = -p/2) are kept constant : resonance values

• True non-contact method :

▪ Attractive interaction regime with the surface ▪ Df < 0