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Summary	

• Kelvin probe force miscrocopy : an introduction 
 
• Analytical and numerical methods 
 
• Simulating the experiment 
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Kelvin	probe	force	microscopy	

 
 
-  Measurement of surface voltage versus incident photon energy 
 
-  Surface Photovoltage embodiment : Light signal minus dark as a function of photon energy 
 
-  Semiconductor materials (surfaces, interfaces, and  bulk) and optoelectronic devices  

-  Contactless technique and non destructive 

-  No need sample preparation or junction fabrication 

-  Information extracted :  semiconductor type (n or p), electronic transitions (band-to-band, 
defect-band), diffusion length, minority carrier-lifetime, open-circuit voltage… 

-  Challenge : Analysis of surface techniques dominated by surface defects 
 
 

       => Solution : Modelling 
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Kelvin	probe	force	microscopy	:	The	technique	

	
	
Two-pass	mode	scanning	:		
-  1st	topography	
-  2nd	KPFM		

Amplitude	Modula>on		
	
	
	
Frequency	Modula>on	
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Kelvin	probe	force	microscopy	:	basic	principle	

DC	light	

Sample	

Vibra,ng	probe/capacitor	:	
Kelvin	probe		

from	Marchat’s	PhD	Thesis	
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Kelvin	probe	force	microscopy	:	CPD	and	SPV	

Surface	Voltage	or	Contact	
Poten1al	Difference	(CPD)	
=>	Work	Func1on	(WF)	

Lamp	and	Monochromator	

SPV-Spectroscopy	
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Kelvin	probe	force	microscopy	:	Surfaces	
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Dark :   Work function affected by surface states / charges 
Light :  Signal modified by QFL splitting 
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Analy?cal	/	numerical	models	sketch:	

Analytical model : 
• Charge : q(p-n+Nd-Na) – electrons, holes, donors, acceptors 
• Solve Poisson equation (Matlab) 
 
=> Surface field as a function of acceptor and donor defects 
 
Numerical model :   
• Solve current and continuity numerically (Silvaco) 
• Arbitrary (within reason) defect distributions 
 
The object : 
• Bulk silicon 
• 2D surface acceptor and donor defect states (analytical) 
• 3D surface acceptor and donor defect states (numerical) 
 



9 => qualitative agreement in trends – future work. 

Analytical : equal trap capture cross section 

Numerical : equal trap capture cross section 
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Scanning	KPFM	modelling:	

• Dynamic simulation :   Computationally intensive 
       Requires software development 

 
• Static simulation :    Solve work function statically 

       Sequentially move the probe 
 
• Method :      Call numerical software as computational engine 

       Develop driver software "KELSCAN" 

Flowchart: Files (≈ 5000 lines): 
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Reminder	:	Kelvin	Probe	Force	Microscopy	KPFM	

Fig. 2 A 25nm tip on a n-type sample with 
doping contrast 

Fig. 3 Zoom on the 25nm wide AFM tip 
placed in air 25nm from the surface. 

log log 

Kelvin	probe	force	microscopy:	work	func5on	measurement.	

(a) Sample and tip far apart. 
(b) Sample and tip in contact: Fermi levels align,current flows. The vacuum level  step: Vcpd 
(c) External applied bias equal to Vcpd equilibriates vacuum levels. 
 
             => Known KPFM tip vacuum and Vcpd levels gives sample work function. 
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No defects: "Gap" field as a 
function of applied bias: 
Minimum ≈ 4meV 

"No defects:  Bulk" field as a 
function of applied bias: 
Minimum ≈ 4meV 

"Bulk" field as a function of 
applied bias: Minimum ≈ 50meV 

"Gap" field as a function of 
applied bias: Minimum ≈ 50meV 

"Gap" / "Bulk" methods for Vcpd comparison : 

 (Reminder: ØProb≈4.24eV ØSample≈ 4.05+(EC-EF)) 

• Little difference for these doping levels 
• Differences nevertheless expected 

Solu?on	method	:	minimum	?p	/	probe	field	

=> Rapid "gap" or spot method prefered 



Splash screen choice "1" – choose sample 

Kelscan	demonstra?on	
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Kelscan	demonstra?on	

Sample choice 
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Sample modification menu 

Kelscan	demonstra?on	
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The sample file format: Saves all simulation parameters shown here. 
Silvaco compatible : can be directly run by Silvaco Deckbuild 

Kelscan	demonstra?on	
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Sample properties of multi-layer sample simulating Lejo Joseph doping profile measurement 

Kelscan	demonstra?on	
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Doping levels 

Kelscan	demonstra?on	
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Doping levels and tonyplot doping graph  

Kelscan	demonstra?on	



Kelscan	demonstra?on	

Sample modify – KPFM probe 
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Kelscan	demonstra?on	

Sample modify – KPFM probe properties 
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Single solution of structure for specified structure including probe position, defects, and illumination 

Kelscan	demonstra?on	
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Kelscan	demonstra?on	

Single solution showing acceptor type defects and fields in a multilayer structure 
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Single solution Tonyplot parameter lists – here band structure and field 

Kelscan	demonstra?on	
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The prime function : the contact potential solution 

Kelscan	demonstra?on	
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A range of methods for flexibility: Spot method preferred (Speed). 

Kelscan	demonstra?on	
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Contact potential evaluated from two points (assumes linearity) 

Kelscan	demonstra?on	
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Contact potential scans 

Kelscan	demonstra?on	

28 



Contact potential scan over the surface 

Kelscan	demonstra?on	
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Contact potential scan over the surface : range and resolution (integer grid spacing) 

Kelscan	demonstra?on	
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Contact potential scan : comparison with doping 

Kelscan	demonstra?on	

31 



Parameter scans : simple single layer homogeneour p-type Si 

Kelscan	demonstra?on	
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Scanning option 3 : Vcpd scans for a range of parameters 

Kelscan	demonstra?on	

33 



2D scan example : First variable, acceptor defect peak density scan 

Kelscan	demonstra?on	
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2D scan example : Second variable, donor defect peak density scan 

Kelscan	demonstra?on	
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Run 2D profile 

Kelscan	demonstra?on	
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Resulting contact potential map : Data fitting identifies zone consistent with experiment 

Kelscan	demonstra?on	
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Surface	photovoltage	simula?ons	
Definitions : 
• SPV   :  The difference in light and dark work functions : SPV = φ(Light) – φ(Dark) independent of tip reference. 
• Structure  :   Symmetric c-Si pn junctions  (p-doped layer 1E17cm-3 0.3µm   ;   n-doped layer : 1E17cm-3 0.3µm) 

2)	Surface	defect	donors	

3)	Surface	transverse	cut:	Bands	and	
popula6ons	(light)	
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4)	Surface	photovoltage	–	p	side	

1)	pn	–	surface	donor	defects	1e19cm/2	

p-Si	 n-Si	
air	

Surface donor defects :  • p-side surface depletion and band bending. 
     • n-side close to charge neutral 

 
     => SPV signal on p-side 
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Surface	photovoltage	simula?ons	
Definitions : 
• SPV   :  The difference in light and dark work functions : SPV = φ(Light) – φ(Dark) independent of tip reference. 
• Structure  :   Symmetric c-Si pn junctions  (p-doped layer 1E17cm-3 0.3µm   ;   n-doped layer : 1E17cm-3 0.3µm) 

5)	pn	–	surface	acceptor	defects	1e19/
cm3	

6)	Surface	acceptor	distribu:on	

7)	Surface	transverse	cut:		Bands	and	
popula:ons	(light)	
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8)	Surface	photovoltage	–	n	side	

p-Si	 n-Si	
air	

Surface acceptor defects :  • p-side surface depletion and band bending. 
      • n-side close to charge neutral 

 
      => SPV signal on p-side 
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1) Focus of this presentation 
 

 • Introduction to advanced KPFM techniques 
 • Presentation of user friendly numerical modelling 

 
2) Next steps : 
 

 • Refine description (KPFM tip size for example) 
 • Analyse real materials 

 
=> Publication : NanoTexology partner EPJPV 

Concluding	remarks	

Support for this work : H2020 - SolarEranet  
Project BOBTandem - 2019-2022 
https://bobtandem.wordpress.com 
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Thank you for your attention 

NanoTexnology-NN22 


