Kelvin Kelvin 
  
) Frequency shift (Hz) Kelvin controller input signal (algebric error signal )

Modulation-KPFM: experimental setup Kelvin Lockin R / X (mV

Major references (see also last section…) 2011 2018

❑ Books:

❑ Review article:

• "Kelvin probe force microscopy and its application", W. Melitz et al., Surf. Sci. Rep. 66 (2011)

❑ Webinars

Before starting… ❑ There will be color… ✓ Slides marked with are to be undertsood ✓ Slides marked with can conceptually be accepted and be understood later ✓ Slides marked with address more complex concepts. Use the related references to get into them and take your time ❑ Slides including the symbol won't be addressed during that lecture Electrostatic force: relevance for AFM ❑ Parallel-plate, empty, capacitor (metallic tip, metallic sample with no inner charges, or dipoles):

Electrostatic energy :

(Eq.3a)

❑ Parallel-plate, empty, capacitor (metallic tip, metallic sample with no inner charges, or dipoles):

(Eq.3a)

Electrostatic energy :

Resulting electrostatic force :

• Attractive (at play in non-contact regime)

• Quadratic dependence on V bias (Eq.3b)

❑ Parallel-plate, empty, capacitor (metallic tip, metallic sample with no inner charges, or dipoles):

Here:

e r = 1, S = 630 nm 2 , z ~ 1 nm, V bias = 1 V  F el ~ -3 nN

Electrostatic forces are relevant for AFM!

(Eq.3c)

Half-sphere R=10 nm ❑ Parallel-plate, empty, capacitor (metallic tip, metallic sample with no inner charges, or dipoles):

Here:

Half-sphere R=10 nm Bias voltage applied between the tip and the surface (tip grounded) : KPFM : concepts

) 2 sin( mod t f V V V ac dc bias  + =
f mod
Bias modulation-induced spectral components:

(Eq.11a)

(Eq.11b)

(Eq.11c) 1a-Frequency Modulation-KPFM (nc-AFM)

V dcd = 0.1 V V cpd = 0.0 V V acd = 0.5 V f mod =
• Forces (incl. F el ) → shift of the resonance :

1 st order : ✓ Df = f(V b 2 )
✓ FM-KPFM is sensitive to the electrostatic force gradient ✓ As for F el (f mod ), Df(f mod ) = 0 as soon as V dc = V cdp

• Bias modulation (f mod ) → F el modulation (f mod ) → Df modulation (f mod )

(Eq.12)

1a-Frequency Modulation-KPFM (nc-AFM)

1 st order :

• Forces (incl. F el ) → shift of the resonance :

• Bias modulation (f mod ) → F el modulation (f mod ) → Df modulation (f mod )

(Eq.12)

1a-Frequency Modulation-KPFM (nc-AFM)

Detecting & compensating A mod by setting V dc = V CPD continuously while scanning ❑ The frequency components of the modulated F el stem from bias-and capacitance-gradient (f 0 -modulated) components that are mixed together and yield static, f mod , f 0 ± f mod ,… deflections of the cantilever ❑ The magnitude of the f mod & (f 0 ± f mod ) components is proportional to (V dc -V cpd ) (empty capacitor approx.)

❑ The KPFM technique detects the magnitude of the desired modulated component by means of a LIA that subsequently nullifies it with a PI regulator providing V dc = V cpd ❑ FM-KPFM is sensitive to the electrostatic force gradient dF el (z)/dz, hence to d 2 C(z)/dz 2 , which gives the technic an important spatial resolution ❑ In sideband-FM-KPFM, the modulated component is (f 0 + f mod )

❑ In heterodyne AM-KPFM, f mod = f 1 -f 0 , which rejects the sideband on the first bending mode of the cantilever and makes the technic sensitive to dF el (z)/dz too, along with an advantageous S/N ratio. ❑ Electrostatic energy of an ensemble of point charges inside a capacitor 1 :

Picture adapted from [2] (Eq.13) ❑ Electrostatic energy of an ensemble of point charges inside a capacitor 1 :

Picture adapted from [2] (Eq.13) ❑ Electrostatic energy of an ensemble of point charges inside a capacitor 1 :

Picture adapted from [2] (Eq.13) ❑ Electrostatic energy of an ensemble of point charges inside a capacitor 1 :

Picture adapted from [2] (Eq.13) ❑ Electrostatic energy of an ensemble of point charges inside a capacitor 1 :

Picture adapted from [2] (Eq.13)

❑ W el requires to know the potential generated by the void capacitor upon biasing: mesoscopic range (mm-nm) 

✓

✓

  They may contain relevant information for you, though ✓ They remain included in the flow of slides as they are thematically relevant Outline to KPFM Electrostatic force: macroscopic concept ❑ Capacitance C(z) : (Eq.1) ❑ Parallel-plate capacitor (metallic electrodes) : * Lord Kelvin, Phil. Mag. Series 5, 46(278), 82 (1898) William Thomson (later Lord Kelvin of Largs): 1824 (Belfast, Ireland) -1907 (Largs, UK)

"❑❑

  e r = 1, S = 630 nm 2 , z ~ 1 nm, V bias = 1 V  F el ~ -3 nN Electrostatic forces are relevant for AFM! (Eq.3c) Electrostatic force: relevance for AFM ❑ Electrostatic force acting on an electrode of any kind : (Eq.3d) ❑ KPFM = Detection of tip-surface electrostatic forces and compensation with the proper dc bias on the sample* (while scanning) : ❑ Concept valid on any kind of surfaces (forces!) : metals, semiconductors & insulators, although with the latter, the concept of CPD is ambiguous… * only if the tip is grounded and V bias is applied to the sample, V bias = -V CPD otherwise (empty capacitor) (Eq.6) (Eq.7) ❑ Thus, the KPFM signal was interpreted as a measurement of metallic samples' CPD : ❑ BUT : Eqs.6 & 7 are valid for an empty capacitor, only: • • : no charges and/or dipole inside the capacitor, unless otherwise (empty capacitor) (Eq.6) (Eq.7) ❑ Yet, charges or dipoles (defects, vacancies, hetero-adsorbates…) systematically occur at the tip-surface interface: models required to interpret F el and hence, the KPFM signal (« CPD ») The work function j 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 F(z) … vary parallel to the surface. A few Å away from the surface, the energy difference j loc =DF(x,y,z)-m acquires the character of a local work function" Local Contact Potential Difference (LCPD) = Long-& Short-Range Electrostatic forces KPFM * Physics of surfaces and interfaces, H. Ibach, Springer 2006. Non bias-dependant forces at play for AFM ❑ Sphere-plane geometry (vdW) + Morse or LJ contribution 1 : 1 PhD thesis S.Burke, Mac Gill Univ., 2008 z Tip apex Surface Total force field 4D vectorial field: X, Y, Z, V bias (Eq.8) Long-and short-range electrostatic forces in KPFM Mesoscopic objects (whose size is comparable or smaller than the tip) +... Long-and short-range electrostatic forces in KPFM +... (Eq.8) * consistent with most frequently reported results (see « References » section) ZnPcCl 8 on Ag(111) * : *P. Milde et al. Nanotechnology 19, 305501 (2008) , P1 = V CPD, ref -103 mV → negative shift → layer gets « + » charged → interf. dip. decreased • V CPD, P2 = V CPD, ref -54 mV → idem, but less than with P1 Summary… ❑ KPFM = compensation of attractive electrostatic forces occuring between the tip and the surface forming a capacitor by tuning V bias . ❑ The concept stands on any kind of sample (metal, insulator, semi-conductor) ❑ For an « empty capacitor », the electrostatic force is written: ❑ Therefore: ❑ This is an over-interpretation with real samples since charges and/or dipoles are always present at the surface. Hence, the V bias and z-dependence of the electrostatic force is to be quantified to interpret what the KPFM signal, i.e. the local « CPD », actually conceals → « surface potential » is more appropriate ❑ The sign of the « CPD » shift w.r.t. the mean « CPD » gives the sign of the charge and/or of the surface dipole present on the surface ❑ Electrostatic forces are superimposed to other, non-bias dependant forces (vdW, Morse…), to form an (x,y,z,V bias ) force landscape influencing the tip of the AFM Peak force (data cube) ❑ Lift mode, double pass: • « CPD » Dynamic AFM (2): non contact-AFM Nc-AFM ❑ Constant Df: • Topography • <I t > • Conservative forces • Dissipative forces ❑ Constant height (low temp.): • Df → force • <I t > ❑ Force/I t spectroscopy Nc-AFM + KPFM ❑ Constant Df: • Topography • <I t > ❑ Constant height (low temp.): • Df → force • <I t > ❑ Force/I t spectrocopy • Conservative forces • Dissipative forces ❑ No lift, simple pass: • « CPD » KPFM : concepts Non contact-AFM: Oscillation at f 0 (Force(z) → Df(z))

❑

  Idea * : bias modulation → discriminating F el *M. Nonnenmacher et al., APL 58, 2921 (1991); J. Weaver et al. JVSTB 9, 1559 (1991) Parallel-plate capacitor approx. : ❑ Attractive electrostatic force (empty capacitor) : capacitance gradient contribution (Eq.9) (Eq.10) KPFM : concepts K = 1 F.nm D = 4 nm A 0 = 2 nm f 0 = 1 kHz Harmonics (n x f 0 )T 0 = 1/f 0 Attractive electrostatic force (empty capacitor) : capacitance gradient contribution (Eq.9)

❑❑

  Attractive electrostatic force (empty capacitor) : bias contribution Attractive electrostatic force (empty capacitor) : complete expression (Eq.9) ❑ Static deflection & modulation at (f 0 ± f mod ) and (f 0 ± 2f mod ) of the cantilever (convolution with the cantilever transfer function however): side bands ❑ The f mod & (f 0 ± f mod ) force components are proportional to (V dc -V CPD ): the KPFM aims at detecting and nullifying these by providing the proper dc voltage that matches the "CPD" ❑ F el is superimposed to the non bias-dependant interaction forces (additive process, no further mixing) that are f 0 -modulated (cantilever motion) Zerweck et al., Phys. Rev. B 71, 125424 (2005)❑ Experimental illustration * (f 0 = 150.9 kHz, f mod = 2 kHz) : Frequency Modulation-KPFM (nc-AFM)Df(f mod )?

2 -❑Summary…❑

 2 Frequency Modulation-KPFM: experimental setup Fund. eigenm. 1a-Frequency Modulation-KPFM: temporal considerations ❑ f mod has to sit in the demodulation bandwidth of the PLL [0..5 kHz] → compromise : • Large enough: not to influence the z regulation (usually requires to slow down the scans) • Small enough: extending the PLL bandwidth adds noise to Df detection ❑ To overcome this, the (f 0 +f mod ) component may be used as the Kelvin LIA input, but then the signal is to be amplified for a proper detection… Df(f mod )? a technique that is less and less used 1b-Side-bands FM-KPFM: experimental setup Fund. eigenm. 1b-Side-bands FM-KPFM Widely used KPFM technique Amplitude-Modulation KPFM: ❑ Detection on a cantilever's eigenmode : S/N ratio improved compared to side-bands FM-KPFM & allows to lower V ac that steers the static cantilever deflection (cf. Eq.11a) → topographic artefacts ❑ Detection bandwidth in the MHz range demanding… ❑ Because the deflection of the eigenmode intrinsically originates from F el , AM-KPFM is sensitive to F el , not to dF el /dz, which makes it less spatially-resolved than FM-KPFM. a technique that is less and less used 3-Heterodyne AM-KPFM*: ❑ Combines the advantages of FM-& AM-KPFM: • Detection on a cantilever's eigenmode : S/N ratio improved & lower V ac • The deflection of the eigenmode stems from a frequeny mixing effect, dF el /dz-sensitive: high spatial resolution Detection bandwidth in the MHz range demanding… an increasingly used technique, in particular in KPFM pump-probe (timeresolved CPD measurements) 4-Spectroscopic KPFM modes z V bias *scheme adapted from F.Mohn et al. Nature Nanotechnology 7(4), 227-231 (2012) ❑ No further bias modulation (no frequency mixing, easier…) ❑ Bias spectroscopic curves on a predefined grid ❑ 3D (x,y,V b ) spectroscopy… and 4D (x,y,z,V b ) spectroscopy* 4-Spectroscopic KPFM modes *L. Nony et al., unpublished ❑ No further bias modulation (no frequency mixing, easier…) ❑ Bias spectroscopic curves on a predefined grid ❑ 3D (x,y,V b ) spectroscopy… and 4D (x,y,z,V b ) spectroscopy* ❑ Requirements: • Low temp. (weak drift & atom tracking procedure) • Accurate tip control (COfunctionnalization) • Time!!! (several days over a grid) In KPFM, the bias voltage is f mod -modulated

  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)

1 ••❑❑First❑

 1 Usually: finite elements methods + Poisson equation or Green's formalism + boundary conditions ❑Charges and dipoles yield short-range electrostatic forces: microscopic range (nmpm) ✓Ab initio computational methods, or analytic methods 2 3 Tip termination: metallic atomic asperity • Sample: Bulk ionic crystal • Analytical & Experimental approach F.Bocquet et al., Phys. Rev. B 78, 035410 (2008) L.Nony et al., Nanotechnology 20, 264014 (2009) • 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 F.Bocquet et al., Phys.Rev.B 83, 035411 (2011) Based upon the work by L.Gross et al. Science 324, 1428 (2009) Examples: 2-microscopic approach to F el : polarizability E Dipole moment of each part of dielectric within the capacitance: polarizability Interface dipole varies with the nature of the metal • Adsorption properties must change Qiu et al., Science 299, 542 (2003) Thin insulating inorganic films : Ionic thin films on Au(111) 1 (FM-KPFM): 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 1 A. Hinaut et al., J. Beilstein Nanotech. 3, 221 (2012) ❑ Triphenylene derivative on KBr(001) 1 : (FM-KPFM) ❑ Two kinds of adsorption: flat (h) and vertical (v) ❑ Both domains exhibit lower CPDs than KBr: surface dipole increase ❑ h-domains consist of molecules interacting electrostatically with the substrate via polar CN groups B. Grévin, CEA, France: Y. Luo et al., Adv. Mater. 19, 2267-2273 (2007); E. Spadafora et al., Nano Lett. 10, 3337 (2010); E. Spadafora et al., Appl. Phys. Lett. 99, 233102 (2011); F. Fuchs et al., Phys.Rev.B 88, 205423 (2013); F. Fuchs et al., ACS Nano 10, 739-746 (2016); B. Grévin et al., Beilstein J. Nanotechnol 7, 799 (2016); P.A. Fernández Garrillo et al., Beilstein J. Nanotechnol. 9, 1834-1843 (2018); B. Grévin et al., Beilstein J. Nanotechnol. 11, 323-337 (2020); V. Aubriet et al., Nanotechnology 33, 225401 (2022); A. Arrighi et al., Nanotechnology 34, 215705 (2023) KPFM: semiconductor surfaces ➢ S. Kitamura et al., Appl. Surf. Sci. 157, 222 (2000) : Au/Si(111) 7x7 ➢ K. Okamoto et al., Appl. Surf. Sci. 210, 128 (2003) : Si(111)5√3x5√3-Sb "The potential difference of atomic structures...does not seem to reflect the work function as we initially expected. It is therefore considered that the atomic potential difference reflects the local electron density on the surface." of adatoms (surface potential) : V Si ~VSb -0.2V : "This value disagrees with the theoretical work functions of Si and Sb in bulk state...Our result indicates that KPFM on atomic scale does not measure the energy of the HOMO level." Si Topography Kelvin High-resolution KPFM: intramolecular resolution F.Mohn et al. Nature Nanotechnology 7(4), 227-231 (2012) Compensation of F el is required for AFM imaging in general and highresolution nc-AFM imaging specifically → need for KPFM ❑ Technic is implemented according to several setups that add further complexity to the experimental setup, but… ❑ The sign of the charges / dipole orientation of the species trapped within the capacitance that 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 geometry and distance dependent ❑ KPFM in the short-range regime is sensitive to short-range electrostatic forces, whose effects can qualitatively be understood as electronic & ionic polarizability-induced I. INTRODUCTION to KPFM II. CONCEPTS & IMPLEMENTATIONS III. ELECTROSTATIC MODELS IV. EXAMPLES OF APPLICATIONS CONCLUSION Some references…

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

1a-Frequency Modulation-KPFM: experimental setup Fund. eigenm.

1b-Side-bands FM-KPFM

2-Amplitude-Modulation KPFM:

2-Amplitude-Modulation KPFM: experimental setup

FM-vs. AM-KPFM

3-Heterodyne AM-KPFM*: *Y.Sugarawa et al., Appl. Phys. Lett. 100, 223104 (2012)

3-Heterodyne AM-KPFM*: Rejection of the (f 0 + f mod ) side-band on the first bending mode of the cantilever *Y.Sugarawa et al., Appl. Phys. Lett. 100, 223104 (2012)

*Y.Sugarawa et al., Appl. Phys. Lett. 100, 223104 (2012)

J. Polesel et al., Nanotechnology 15, S24 (2004)

Examples: 2-microscopic approach to F el : polarizability

Ch. Loppacher et al., Nanotechnology 15, S9 (2004)

Polarizability for Gold: a=6.78Å 3

1a-Frequency Modulation-KPFM (nc-AFM)

1 st order :

• Forces (incl. F el ) → shift of the resonance :

• Bias modulation (f mod ) → F el modulation (f mod ) → Df modulation (f mod )

(Eq.12)

1a-Frequency Modulation-KPFM (nc-AFM)

1 st order :

• Forces (incl. F el ) → shift of the resonance :

• Bias modulation (f mod ) → F el modulation (f mod ) → Df modulation (f mod )

(Eq.12)

❑ A charge inside the capacitor 1 : Some references…