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Molecular organic films : Topography
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Electrostatic force and Contact Potential Difference (CPD) KPFM = detecting tip-surface electrostatic forces and compensate them with the proper dc bias on the sample while scanning* : This is why KPFM may be used on any kind of surfaces: metals, semiconductors & insulators, despite with the former, the concept of CPD is ambiguous… * only if the tip is grounded and V is applied to the sample, V bias = -V CPD otherwise Void capacitor (=inner charge free) (Eq.6) (Eq.7)

Frequency shift in non contact-AFM

Therefore, KPFM was conceptually extended to a mean of measuring samples' CPD*:

BUT equations 6 & 7 are valid for a void capacitor, only:

• • : no charges and/or dipole present inside the capacitor, unless otherwise * only if the tip is grounded and V is applied to the sample, V bias = -V CPD otherwise (Eq.6) Void capacitor (=inner charge free) (Eq.7) Electrostatic force and Contact Potential Difference (CPD)

Charges or dipoles (ions, vacancies, clusters, charge transfer effects, polarization effects…) systematically occur at the tip-surface interface: models required to interpret F el and hence, the KPFM signal (« CPD »)

Void capacitor (=inner charge free) (Eq.6) Work function in metals Bias voltage applied between the tip and the surface :

Attractive electrostatic force (tip, void capacitor): Bias modulation (f mod ) Electr. force modulation (f mod ) ∆f modulation (f mod )

) 2 sin( mod t f V V V
1 st order :

(Eq.12)

« FM-KPFM is sensitive to the electrostatic force gradient… »

Frequency-Modulation KPFM: temporal considerations f mod has to be within the demodulation bandwidth of the PLL → compromise:

• extending the PLL bandwidth → adds noise to ∆f detection • must remain large enough to not influence the z regulation (usually requires to slow down the scans) • order of magnitude: 1 kHz To avoid this, the oscillating component may be used (f 0 +f mod ) as the Kelvin LIA input, but then the signal is to be amplified significantly for a proper detection Frequency-Modulation KPFM: experimental setup Frequency-Modulation KPFM: temporal considerations f mod has to be within the demodulation bandwidth of the PLL → compromise:

• extending the PLL bandwidth → adds noise to ∆f detection • must remain large enough to not influence the z regulation (usually requires to slow down the scans) • order of magnitude: 1 kHz To avoid this, the oscillating component may be used (f 0 +f mod ) as the Kelvin LIA input, but then the signal is to be amplified significantly for a proper detection Generic approach to F el 1 L. Kantorovich et al., J. Phys. Cond. Mat. 12, 795 (2000); L. Kantorovich et al. Surf. Sci. 445, 283 (2000) 2 J.L. Neff, P. Rahe, Phys. Rev. B 91, 085424 (2015) Electrostatic energy of an ensemble of point charges inside a capacitor 1 : Picture adapted from [2] (Eq.13) Generic approach to F el 1 L. Kantorovich et al., J. Phys. Cond. Mat. 12, 795 (2000); L. Kantorovich et al. Surf. Sci. 445, 283 (2000) 2 J.L. Neff, P. Rahe, Phys. Rev. B 91, 085424 (2015) Electrostatic energy of an ensemble of point charges inside a capacitor 1 : Picture adapted from [2] (Eq.13) Generic approach to F el 1 L. Kantorovich et al., J. Phys. Cond. Mat. 12, 795 (2000); L. Kantorovich et al. Surf. Sci. 445, 283 (2000) 2 J.L. Neff, P. Rahe, Phys. Rev. B 91, 085424 (2015) Electrostatic energy of an ensemble of point charges inside a capacitor 1 : Picture adapted from [2] (Eq.13)
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"

  The work function ϕ of an infinite homogeneous metal surface is defined as the energy difference between... the Fermi level... and a final state… the so called vacuum level." surface dipole (Smoluchowski effect*) "...Real (metallic) surfaces are (a) of limited size, (b) made up by discrete atoms, (c) mostly include chemical and structural defects... Consequently Φ(z) … vary parallel to the surface. A few Å away from the surface, the energy difference ϕ loc =∆Φ(x,y,z)-µ acquires the character of a local work function" surfaces and interfaces, H. Ibach, Springer 2006. Long-and short-range electrostatic forces in KPFM Long-and short-range electrostatic forces in KPFM Mesoscopic objects (whose size is comparable or larger than the tip) +... Long-and short-range electrostatic forces in KPFM +... (Eq.8) Sign of the charge & dipole orientation (tip grounded)* * consistent with most frequently reported results (see « References » section at the end of the slides) of the electrostatic force(s) that occur between the tip and the surface forming a capacitor. For a « void capacitor », the electrostatic force writes: Therefore: But this is an insufficient approach with real samples as charges and/or dipoles are always present therein. Hence, the V bias and z dependence of the total electrostatic force is to be quantified first to interpret the KPFM signal, i.e. the « CPD » The sign of the CPD shift tells us about the sign of the charge and/or of the surface dipole present on the surface II. Principles of KPFM II. Principles of KPFM The ideal way to get accurate forces & CPD measurements is to perform 4D force fields measurements*: Technically demanding… z V bias z (nm) ∆f (Hz) *scheme adapted from F.Mohn et al. Nature Nanotechnology 7(4), 227-231 (2012) connection with nc-AFM) Noncontact-AFM: Oscillation at f 0 (Force → ∆f(z))

  bias modulation discrimination of the electrostatic force w.r.t. other interaction forces z *M. Nonnenmacher et al., APL 58, 2921 (1991); J. Weaver et al. JVSTB 9, 1559 (1991) (Eq.10) KPFM (in connection with nc-AFM) Spectral components: These superimpose to the interaction force between the cantilever and the surface Static deflection & induced vibrations of the cantilever at f 0 +f mod and f 0 +2f mod Detection and cancellation of the f mod component by applying a proper dc voltage which matches the CPD Amplitude modulation (AM-KPFM) : f mod = f 1 ~ 6.3f 0 → f mod matches the first bending eigenmode of the cantilever above the fundamental one

  Usually: finite elements methods + Poisson equation or Green's formalism + boundary conditions Charges and dipoles yield short-range electrostatic forces: microscopic range (Molecular resolution in KPFM +30mV positive shift, increase of the interface dipole, c.t. to the layer Results interpreted in terms of electrostatic MS interaction M=Cu, Co
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Kelvin Lockin R / X (mV)

Frequency shift (Hz)

Kelvin controller input signal (algebric error signal ) Data from Th. Glatzel (E.Meyer's group, Basel) in [1]:

1 Kelvin Probe Force Microscopy, Measuring & Compensating Electrostatic forces, Springer Series in Surface Sciences (Th. Glatzel & S. Sadewasser Ed.)

Frequency-Modulation KPFM: experimental setup Summary of that section… ∆f vs V bias dc curves give a dc potential value (maximum of the parabola) that relates to the sample's CPD, actually not only concealing the CPD of the bulk material, but information about local charges, dipoles,…, as well FM-KPFM is a method where F el , hence ∆f, is modulated by the electrostatic force owing to the bias modulation (f mod )

The f mod spectral component of ∆f is detected as the X component of the LIA (algebric signal required)

The PI controller supplies the proper dc bias that cancels that component, that is the « CPD » A charge inside the capacitor 1 :

1 Nanoelectronics and Information Technology: Advanced Electronic Materials and Novel Devices, edited by R. Waser (John Wiley & Sons, New York, 2003); R. Stomp et al., Pys. Rev. Lett. 94 , 056802 (2005); J. Polesel et al., Nanotechnology 15, S24 (2004) J. Polesel et al., Nanotechnology 15, S24 (2004) (Eq.14)

Examples: 2-microscopic approach to F el : polarizability 2 3 1 • Tip termination: ionic cluster (Na + -terminated) • Sample: Bulk ionic crystal • Fully numerical approach L. Nony et al., Phys. Rev. Lett. 103, 036802 (2009) • Tip termination: single metallic atom • Sample: 2ML NaCl / Cu(111) • Fully analytical approach (Eq.15) The quantitative interpretation of the KPFM signal requires sophisticated multiscale approaches: mesoscopic range (CPD), microscopic range (charges, dipoles, polarization effects…) Due to charges, dipoles, polarization effects,…, the electrostatic force is a function of the bias with the form:

Hence, the f mod -modulated component has the form: Therefore:

Summary of the section…

The measured « CPD » conceals the physics of the interface (parameters A & B): charges, dipoles, polarization effects… B and A are tip geometry-and distance-dependent… Extracting quantitative parameters (number of charges…) requires the void capacitor to be perfectly caracterized The quantitative interpretation of the KPFM signal requires sophisticated multiscale approaches: mesoscopic range (CPD), microscopic range (charges, dipoles, polarization effects…) Due to charges, dipoles, polarization effects,…, the electrostatic force is a function of the bias with the form:

Hence, the f mod -modulated component has the form: Therefore: Summary of the section… L. Nony et al., Nanotechnology 20, 264014 (2009) J. Neff et al., PRB 91, 085434 (2015) Summary of the section… 

Origin of these charges?

Mixed ionic crystals 1 : NaCl(001)+1% KCl (FM-KPFM) topography Kelvin "Double layer surface" effect 2 Ionic crystals are extrinsic : Ca 2+ impurities nearby steps below the surface Global charge of the crystal is neutral → V -centers (cationic vacancies)

Net negative charge nearby (below) step edges and kink sites Barth et al., Phys. Rev. Lett. 98, 136804 (2007); 2 J. Frenkel, Kinetic Theory of Liquids, (Clarendon Press,Oxford, 1946). 

Conclusion Conclusion

Take home message Compensating electrostatic forces is required for high-resolution nc-AFM imaging → necessity for using KPFM Technic adds further complexity to the experimental setup but…

The sign of the charges or the dipole orientation of the species trapped within the capacitance which shift the CPD w.r.t. CPD ref (background) is easy to determine

In the long-range regime and with surface adsorbates whose size is larger than the tip apex, KPFM yields a consistent CPD map of the sample (consistent with UPS measurements) BUT getting quantitative numbers out of the experimental data is difficult (requires models) as the CPD is tip and distance dependent KPFM in the short-range regime is sensitive to short-range electrostatic forces which can qualitatively be understood from electronic & ionic polarizability

Additionlal key references used for this talk