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The techniques of surface science

• AES, AFM, EELS, ESCA, EXAFS, FEM, FIM, FTIR, HEIS, HPXPS, 

HREELS, IRAS, ISS, LEED, LEIS, NEXAFS, NMR, RBS, SERS, 

SEXAFS, SFG, SHG, SIMS, STM, TEM, TDS, UPS, XANES, SPS, 

XRD… 

• Surface properties: structure, composition, oxidation states, chemical 

properties, electronic properties, mechanical properties → atomic 

resolution, smaller energy resolution, shorter time scales, in situ, high 

pressure

• Sources: electrons, atoms, ions, photons



• Ultra-high vacuum (UHV) conditions → atomically clean surfaces

the Flux, F, of molecules striking the surface of unit area at pressure P

• UHV (<1.33 x 10-7 Pa = 10-9 Torr) → to maintain a clean surface for ~ 1h

Ultrahigh vacuum (UHV)

• Mean free path: distance that a particle travels on average between 

collisions → longer mean free path for electron in e- spectroscopy 

M: average molecular weight of gases species, NA: Avogadro’s number

m = M/NA, kB = R/NA

Zw = P/(2πmkBT)½ (1.0.1) in textbook



Electromagnetic radiation (light, photon)

Light and electron sources

Skoog,  Holler, Crouch, Principles of Instrumental Analysis (Thomson)



Electric component of electromagnetic wave

velocity of propagation vi

frequency ν: number of 

oscillations per second

In a vacuum, vi is independent of wavelength and a maximum 

→ c = 2.99792 x 108 m/s

In a air, vi differs only slightly from c (about 0.03% less): ~ c

wavenumber  ν: the reciprocal of wavelength in cm (cm-1) 

E = hν = h(c/λ) = hcν

Skoog,  Holler, Crouch, Principles of Instrumental Analysis (Thomson)



eV nm cm-1 Hz

The electromagnetic spectrum

Skoog,  Holler, Crouch, Principles of Instrumental Analysis (Thomson)



Visible: 400~700 nm (1.8~3.1 eV)

UV: 200~400 nm (3.1~6.2 eV)

X-ray: 0.01~10 nm     

(125~125,000 eV)



Skoog,  Holler, Crouch, Principles of Instrumental Analysis (Thomson)



Types of lasers



X-ray

M-shell

L-shell K-shell

Photo-electron

Electron Characteristic X-rays



X-ray sources



Synchrotron

X-ray absorption spectroscopy

Absorption edge (energy that is just needed 

to eject a particular core electron, e.g., 1s e-

(K edge), 2p3/2 e- (L3 edge)

Fe & Fe oxides 

K-edge: 7.112 keV

Within 10-40 eV: X-ray absorption

near-edge structure (XANES) (or near-edge

absorption fine structure (NEXAFS))

→ oxidation state & ligand environment

About 50 keV: extended X-ray absorption

Fine structure (EXAFS) 

→ distance & arrangement of atoms



Photons, 
electrons, 
neutral 
molecules

Photons, 
electrons, 
ions,  
molecules

Spectroscopic surface methods

Skoog,  Holler, Crouch, Principles of Instrumental Analysis (Thomson)

Atomic lamps: H (10.2 eV)

He (21.1, 42.82 eV) → UV sources, UPS

Xe lamp (170~3000 nm)  



Skoog,  Holler, Crouch, Principles of Instrumental Analysis (Thomson)



Electron and ion
Ultra high vacuum (UHV)

Excitation                Detection

X-ray photoelectron spectroscopy (XPS)    Photons(X-ray)        Electrons

UV photoelectron spectroscopy (UPS)        Photons (UV)          Electrons

Auger electron spectroscopy  (AES)            Electrons                 Electrons

Low-energy electron diffraction (LEED)     Electrons                 Electrons

High resolution e- E loss spec. (HREELS)   Electrons                 Electrons

Rutherford backscattering  (RBS)                H+ or He+               H+ or He+

Secondary ion mass spec. (SIMS)                Ions                         Ions

Laser desorption mass spec. (LDMS)          Photons                   Ions



Scanning probe techniques

→ Surface structure, manipulation of atoms & molecules at surface

-Microscopy: a sharp tip close to the surface → scanning electron or

force and so on → STM, AFM and so on

-Similar idea: NSOM (Near field scanning optical microscopy) → a 

small-diameter optical fiber close to the surface (diameter/distance 

< wavelength of the light) → image resolution far below light 

wavelength

-SP techniques: current, van der Waals force, chemical force, 

magnetic force, capacitance, phonon, photon

-UHV or at atmosphere or in solution, in situ vs. ex situ techniques



Scanning tunneling microscopy (STM)



- if the potential energy of a particle does not rise to infinite in the wall &

E < V →  does not decay abruptly to zero

- if the walls are thin →  oscillate inside the box & on the other side of

the wall outside the box → particle is found on the outside of a

container: leakage by penetration through classically forbidden

zones “tunnelling”

cf) C.M.: insufficient energy to escape

cf. Tunnelling



Electron flow between tip and surface

Electric field 

Tunneling current flow





Electrochemical STM



Scanning tunneling spectroscopy (STS)

STM image depends on 

the voltage on the tip → 

control of the voltage → to 

determine the electronic 

states with atomic 

resolution (STS)  

Chemisorption changes 

the electronic structure 

of the surface



Scanning electrochemical microscopy (SECM)

Using ultra-micro electrode or nano-electrode



Atomic force microscopy (AFM)

-using attractive or repulsive 

interactions with the surface (Table 

2.2): van der Waals….

-AFM can image conducting as well 

as insulating surfaces (soft, polymer, 

biological)

-Force curve: function of distance of 

the tip from the surface

Force

FN = kN∙∆z

kN: force constant

∆z: displacement of the tip 





Optical and electron microscopy

Optical microscopy

• Limit of resolution(δ): mainly by the wavelength λ of the light 

α: the angular aperture (half the angle subtended at the object by the objective lens), 

n: the refractive index of the medium between the object and the objective lens, 

n sin α: the numerical aperture of the objective lens for a given immersion medium

Numerical aperture: generally less than unity

up to 1.5 with oil-immersion objectives → 600 nm light: 200 nm                                  

(0.2 μm) resolution limit

Serious error in particle size less than 2 μm (Table 3.1)

• Limitation: resolution power & contrast 



Scanning electron microscopy(SEM)

Transmission electron microscopy(TEM)

SEM

• e-beam: wavelength λ ~ 0.01 nm 

• resolution: 0.2 nm

• limitation: high vacuum system

• resolution: ~ 5 nm



Near-field scanning optical microscopy (NSOM or SNOM)

a small-diameter optical fiber close to the surface (diameter/distance 

< wavelength of the light) → image resolution far below light wavelength 

(can be exceeded by using near-field technique)

Optical fiber + laser + AFM techniques

Resolution ~ 50 nm, ultimate resolution ~ 12 nm

(By working close enough to the aperture, resolution close to the size of the 

aperture and far below the wavelength of the light can be obtained)

NSOM:

-high brightness 

of light (laser)

-optical fiber



elchem.kaist.ac.kr

Small aperture diameter 

(typically 80~100 nm) → 

few tens of nW light power 

→ ultimate resolution ~12 

nm (practically ~50 nm)

http://www.google.com/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=2ahUKEwj7oNGRxeLgAhUowIsBHeDeBskQjB16BAgBEAQ&url=http%3A%2F%2Felchem.kaist.ac.kr%2Fjhkwak%2Ftopometrixweb%2Flumstd.htm&psig=AOvVaw2zUG944TKTkXZlMrmpKEi-&ust=1551584490583612


Electron diffraction 
LEED(low energy): surface & adsorbate structure

TED(transmission): crystal structure

TEM & SAED

Small (2017)

Si(100), LEED

en.wikipedia.org



Surface diffraction

• Low energy electron diffraction (LEED), X-ray diffraction, atomic 

diffraction

de Broglie wavelength, λ, of a particle

Electrons with 10~200 eV energies and He atoms with thermal 

energies (~0.026 eV at 300K) → atomic diffraction condition (λ

< interatomic distance, ~1 Å )

λ = h/p



X-rays at the high intensities available at a synchrotron radiation 

suitable for surface and interface structure studies (grazing angle X-

ray diffraction). X-ray bombardment-induced emission of electrons 

also shows diffraction (photoelectron diffraction)

LEED: electron beam of 10~200 eV is back-scattered → atomic 

structure of surface



Low energy electron diffraction (LEED):

Instrument

Why low energy electron used? 

• The penetration depth of x-ray is ~ 1 μm. So x-ray 

diffraction give structural information of a bulk solid (3D). 

It does not have any surface sensitivity 

• The penetration depth of low energy electron is ≤ 20 Å; a 

rather good  surface sensitivity 

• In any diffraction the employed wavelength λ should ~ d

• De Broglie wavelength of e- is

λ = h/p = h/ mv = h/(2mEk)
1/2

If Ek= 150 eV, λ =~ 1 Å

• Since diffraction can be observed in elastic scattering,

the inelastically scattered electrons have to be removed

by setting up an potential barrier (grid assembly). 

• The LEED pattern is usually recorded by taking a picture.   



clay.uga.edu

Reciprocal lattice



Reciprocal lattice

Basis vectors a1, a2 in the unit cell in real space

Basis vectors a1*, a2* in a reciprocal space



Reciprocal lattice



Bragg’s law



Matrix notation for adsorbate



2D real vs. reciprocal lattices of adsorbate

mij* can be measured directly from 

LEED pattern

m*: inverse transposed matrix of m

where det M* = m11*·m22* - m21*· m12*

, and so

Target: mij can be calculated from 

reciprocal pattern





, and so









LEED image

Sung’s Ph.D thesis



Electron spectroscopy

XPS (X-ray photoelectron spectroscopy)

UPS (UV photoelectron spectroscopy)

AES (Auger electron spectroscopy)



Photoelectrons

X-ray photoelectron spectroscopy (XPS) 

or electron spectroscopy for chemical analysis (ESCA)

Skoog,  Holler, Crouch, Principles of Instrumental Analysis (Thomson)

Binding energy of core electron ~ 

photon energy of X-ray region

w: work function of spectrometer

ν -



Skoog,  Holler, Crouch, Principles of Instrumental Analysis (Thomson)



Oxidation state↑ → electron의 binding energy↑

Skoog,  Holler, Crouch, Principles of Instrumental Analysis (Thomson)
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XPS quantitative analysis 

Sensitivity factor

n: number density of atoms of the sample (atoms/cm3)

φ: flux of the incident X-ray beam (photons/cm2∙s)

σ: photoelectric cross section (cm2/atom)

ε: angular efficiency factor for the instrument

η: the efficiency of producing photoelectrons (photoelectrons/photon)

A: area of sample which photoelectrons are detected (cm2)

T: the efficiency detection of the photoelectrons

l: mean free path of photoelectrons in the sample (cm)

→ for a given transition, last six terms are constant → atomic sensitivity

factor S (XPS Handbook)

I/S ∝ concentration 



XPS quantitative analysis 



XPS for Pt 4f levels: 



Ex-situ Analysis without Contamination

Glove BoxUHV-XPS

Electrochemical XPS (SNU)



Ambient Pressure X-ray Photoelectron Spectroscopy

Published in The journal of physical chemistry. A 2013

DOI:10.1021/jp3102332

https://doi.org/10.1021/jp3102332


Ultraviolet photoelectron spectroscopy (UPS)

UV photons can excite photoemission from valence levels

Since valence electrons are involved in chemical bonding → UPS is well 

suited to the study of bonding at surfaces → work function, band structure 

of the solids, surface and adsorbed layers, bonding structure(σ or π)





Auger electron spectroscopy (AES)

3 electron processes 

(1) Core electron ejected

(2) Higher electron fills the core hole

(3) Exothermicity to eject 3rd electron (Auger electron)



Probability

KLL < LMM < MNN



EWXY = EK – EL – EV – ϕsp

or 

EKL1L2 = (EK – EL1) – EL2



Auger electron energy (eV)
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Auger Electrons

→ element analysis

Oxidation state

Structure



Quantitative analysis



AES depth profile: ion sputtering

Skoog,  Holler, Crouch, Principles of Instrumental Analysis (Thomson)



AES depth profiles: GaAs



Energy of electromagnetic field: oscillating electric & magnetic

disturbance

E = h = h c/

h; Planck constant (6.6 x 10-34 Js)

speed of light (c); 3 x 108 m/s,

wavelength (); distance between the neighboring peaks of wave,

1 Å = 0.1 nm = 10-10 m

frequency (, Hz = 1 s-1); number of times per second

 = c

wavenumber (cm-1, reciprocal cm), -bar = /c = 1/

cf) 1 eV ~ 8066 cm-1

Wavelength (, nm) = 1240/band gap energy (eV)

Vibration spectroscopy
Vibration motions → IR absorption, electron energy loss, Raman, sum 

frequency generation, inelastic neutron tunneling, He scattering



Widely used IR spectroscopy: mid-IR (670~4000 cm-1(2.5 ~ 14.9 μm))

Skoog,  Holler, Crouch, Principles of Instrumental Analysis (Thomson)



Electromagnetic spectrum



IR radiation ~ energy 

differences for vibrational & 

rotational states

For absorption of IR radiation: 

dipole moment change during 

vibration

Dipole moment is determined 

by the magnitude of the charge 

difference and the distance 

between two centers of charge 

e.g) H-Cl  (o)

O-O   (x)

Types of vibration:

stretching & bending



Harmonic oscillator

F = -ky         Hooke’s law

k: force constant

-: opposite direction for the force

Potential energy:

E = ½ ky2



Vibrational frequency

F = ma = m(d2y/dt2) = -ky

y = Acos(2πνt)

Frequency of mechanical oscillator

ν = (1/2π)√(k/m)

Reduced mass:   μ = m1m2/(m1 + m2)

ν = (1/2π)√(k/μ)

Quantum treatment of vibration:

E = (v + ½ )(h/2π)√(k/μ) = (v + ½)ħω0

h: Planck’s constant, v: vibrational quantum number



Transition ν=0 to ν=1

∆E = hν = (h/2π)√(k/μ)

Ground state at v = 0:

E0 = ½  hν

1st excited state ( v= 1)

E1 = 3/2 hν

Required radiation energy:

(3/2 – ½ )hν = hν

= (h/2π)√(k/μ)

Wavenumber (cm-1):

ν-bar = (1/2πc)√(k/μ)

= 5.3 x 10-12√(k/μ)

1. Harmonic oscillator

2. Anharmonic motion



IR spectroscopy



IR spectroscopy

Transmission

Reflection

Diffuse reflection

Internal reflection





IR reflection spectroscopy

Specular reflection: smooth surface

Diffuse reflection

Internal reflection

Specular reflection
Internal reflection

(blue line) Diffuse reflection 

http://en.wikipedia.org/wiki/File:Reflection_angles.svg
http://en.wikipedia.org/wiki/File:Lambert2.gif
http://en.wikipedia.org/wiki/File:R%C3%A9flexion_total.svg


Diffuse-

reflectance 

attachment

Diffuse reflection

❖ Diffuse Reflectance Infrared Fourier Transform Spectroscopy (DRIFT)

Powder sample



Electron energy loss spectroscopy (EELS)

Electron backscattered from surface → lose energy of the surface and adsorbed 

layer → vibrational transitions (1 meV = 8.064 cm-1)

E = E0 – ħω



High resolution electron energy loss spectroscopy

SCN- on Ag(111)

(a) -0.3 V

(b) +0.14 V



Second harmonic and sum frequency generation

SHG & SFG are two closely related techniques → application in surface 

and interface science → laser light illuminates an interface between two 

phases A and B → excites a non-linear polarization responses

1) Two photons at same frequency ω, can be mixed together to form a 3rd

photon at frequency ω = ω1 + ω2

→ “second harmonic generation”

2) Two photons with distinct 

frequencies ω1 and ω2 and angle of 

incidence θ1 and θ2 can mix together

to form 3rd photon ω = ω1 + ω2

which depart at θ3

→ “sum frequency generation”



Second harmonic spectroscopy

Second harmonic generation (SHG): ω → 2ω

Second harmonic generation (SHG): noncentrosymmetric crystals

If symmetry is broken at the solid/liquid interface → SHG signal

SHG signal is sensitive to species at the interface: used to detect 

adsorbed species, reaction intermediates etc 



Summary


