Lecture Note #3 (Spring, 2020)

Experimental Probes and Techniques

Ultrahigh vacuum, sources
Probe techniques

Electron diffraction
Electron spectroscopy
Vibrational spectroscopy
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Reading: Kolasinski, ch.2



The technigues of surface science

A 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,
XRDEé

A Surface properties: structure, composition, oxidation states, chemical
properties, electronic properties
resolution, smaller energy resolution, shorter time scales, in situ, high
pressure

A Sources: electrons, atoms, ions, photons



Ultrahigh vacuum (UHV)
AUltra-hi gh vacuum (UHV) conditions Y

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

M: average molecular weight of gases species,N,: Avogadr ods numbe
M = M/N,, kg = R/N,

Z,=PI(2" mkyT)* (1.0.1) in textbook

A UHV (<1.33x107Pa=10°Torr) Y to maintain a

A Mean free path: distance that a particle travels on average between
collisions Y |l onger me aanspecdroseopy p a't

The mean free path is the distance that a particle travels on average between collisions. In an ideal
gas with mean velocity ¢ and collision frequency Z, its value is given by
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The collision cross section of N, is ¢ = 0.43 nm?2. Therefore, at a pressure of p = [ atm = 101 325
Pa =760 torr, the mean free path is just 70 nm; whereas at 1 X 10~ torr=1.3x 10" atm = 1.3 x 10~8
Pa, the mean free path is over 500 km. In electron spectroscopy, an electron must transit from the
sample to a detector without scattering from any background gas over a flight path on the order of
1 m. Therefore, electron spectroscopy generally must be performed at a pressure below 7 x 103 Pa
(5% 107> torr), such that 4 > 1 m. In practise, even lower pressures are often required so that detector
noise from electron multipliers is reduced to acceptable levels. :



Light and electron sources

Electromagnetic radiation (light, photon)

Electric field

A

Magnetic field X T T T
7€

Direction
of
propagation

(a)

® 2007 Thomson Higher Education

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



Electric component of electromagnetic wave

I |
| Wavelength, A ——>
|

L l ¢ w velocity of propagation v,

+

Electric field

frequency 3: number of
oscillations per second

Time or distance >

(b)
wrmme o Inavacuum, v, s independent of wavelength and a maximum

Y ¢ = 2.98mks92 x 10

In a alir, v; differs only slightly from ¢ (about 0.03% less): ~ c
c=vA=300x108m/s = 3.00x10"cm/s  (6-2)

wavenumber 3: the reciprocal of wavelength in cm (cm)
E =h3 =h(c/e) = hca
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The electromagnetic spectrum
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Wavelength, m

eV nm cm-? Hz
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Fundamental Constants

»

Constant Symbol Value

Speed of light ¢ 2.998 x 10" cm/sec = 2.998 X 10® m/sec

Planck’s constant h  6.626 X 107" erg - sec = 6.626 x 1073 7] - sec
Avogadro’s number N, 6.022 x 10* molecules /mole

Electron charge e 1.602 X 10 ' coulombs = 4.803 x 10™'° esu

Gas constant R 1.987 cal /deg/mole = 8.315 J /deg/mole

Boltzmann’s constant kg 1.381 x 10" erg/deg = 1.381 x 10> J/deg = R/N,
Gravitational constant g  9.807 m/sec’

Permittivity of vacuum ¢,

8.854 x 1072 C?*/J/m

Other Conversion Factors

I atm

| torr

1 debye

1.013 x 10° kg /m /sec?

1.013 X 10° N/m?

= 1.013 x 10° Pa

= 133.3 N/m? Visible: 400~700 nm (1.8~3.1 eV)

= 3.336 x 107°C - m  UV: 200~400 nm (3.1~6.2 eV)

Energy Conversion Table”

X-ray: 0.01~10 nm
(125~125,000 eV)

erg joule cal eV cm !
| erg 1 1077 2.3890 x 107%  6.242 x 10" 5.034 x 10"
I joule 107 l 0.2389 6.242 x 10'* 5.034 x 10%
1 cal 4.184 x 10’ 4.184 1 2.612 x 10" 2.106 x 10%
| eV 1.602 x 107" 1.602 x 107" 3.829 x 1072 1 8066.0
lem™ 1.986 x 107'® 1.986 x 1072* 4.747 x 107%* 1.240 x 10* 1

“For example, 1 erg = 2.389 x 10" ® cal.



TABLE 6-1 Common Spectroscopic Methods Based on Electromagnetic Radiation

Usual Usual

Wavelength Wavenumber Type of
Type of Spectroscopy Range* Range, cm™' Quantum Transition
Gamma-ray emission 0.005-1.4 A - Nuclear
X-ray absorption, emission, 0.1-100 A - Inner electron
fluorescence, and diffraction
Vacuum ultraviolet absorption 10-180 nm 1 X10°to5 % 10* Bonding electrons
Ultraviolet-visible absorption, 180-780 nm 5% 10*to 1.3 X 10* Bonding electrons
emission, and fluorescence
Infrared absorption and 0.78-300 pm 1.3 X 10*to 3.3 X 10! Rotation/vibration of
Raman scattering molecules
Microwave absorption 0.75-375 mm 13-0.03 Rotation of molecules
Electron spin resonance 3cm 0.33 Spin of electrons in a

magnetic field

Nuclear magnetic resonance 0.6-10m 17X 10 to 1 X 10? Spin of nuclei in a

magnetic field
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Types of lasers

Table 2.1  Types of lasers and their characteristics including typical wavelengths, pulse durations, pulse energy
or power, and repetition rates

Laser material A/nm hv/eV Characteristics
Solid state
Semiconductor IR-visible Usually cw but can be pulsed, wavelength depends on
laser diode ~0.4-20 um material, GaN for short A, AlGaAs 630-900 nm,
InGaAsP 1000-2100 nm, used in telecommunications,
optical discs
Nd3*: YAG (1% 1064 1.16 cw or pulsed, ~10 ns pulses, most common, 150 ps
harmonic) versions (and shorter) available, 10-50 Hz rep rate, 1) to
Nd3+: YAG (2™ 532 2.33 many | pulse energies. Nd** can also be put in other
harmonic) crystalline media such as YLF(1047 and 1053 nm) or
Nd**: YAG 34 355 3.49 YVO, (1064 nm)
harmonic)
Nd3+: YAG (4th 266 4.66
harmonic)
Nd**: glass 1062 or 1054  2.33 ~10 ps, used to make terawatt systems for inertial
confinement fusion studies
Ruby (Cr:Al, O, 694 1.79 ~10ns
in sapphire)
Ti:sapphire 700-1000 1.77-1.24  fsto cw; 1 Hz, kHz, 82 MHz ;
Alexandrite 700-820 1.77-1.51  Tattoo removal ¥
(Cr** doped
BeAl,O,)
Liquid
Dye laser 300-1000 4.13-1.24  Rep rate and pulse length depend on pump laser; fs, ps, ns
up to cw
Gas
CO, 10600 0.12 Long (many us), irregular pulses, cw or pulsed at high rep
(10.6 um) rates, line tuneable, few W to >1 kW
Kr ion 647 1.92 cw, line tuneable, 0.1-100 W
HeNe 632.8 1.96 cw, 0.5-35W
543.5 2.28
Ar ion 514.5 2.41 cw, line tuneable, Ar and Kr ion laser (or versions with
488 2.54 both present) are commonly used in the entertainment
industry for light shows
HeCd 441.6, 325 2.81,3.82 cw, 1-100 mW
ArF excimer 193 6.42 ~20ns, 1->1000Hz, several W to over 1 kW, 100 m]J to
>1])
KrF excimer 248 5.00 30-34ns
XeCl excimer 308 4.02 22-29ns
XeF excimer 351 3.53 12ns
F, 154 8.05 1—several kHz rep rate, 1-20 W, 10-50 mJ pulse energies,
10ns
N, 337 3.68 1-3.5ns, 0.1-14 mJ, 1-20Hz rep rate

(continued overleaf)



X-ray
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X-ray sources
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Synchrotron
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X-ray absorption spectroscopy
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Spectroscopic surface methods

From source

Photons,

electrons,

neutral Primary
molecules beam

To spectrometer

Detected (secondary)

beam

Sample

Photons,
electrons,
ions,
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Atomic lamps: H (10.2 eV)

He (21.1, 42.

Xe lamp (170~3000 nm)
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TABLE 21-1 Some Common Spectroscopic Techniques for Analysis of Surfaces

Method and Acronym Primary Beam Detected Beam Information

X-ray photoelectron spectroscopy (XPS). X-ray photons Electrons Chemical composition

or electron spectroscopy for chemical Chemical structure

analysis (ESCA)

Auger electron spectroscopy (AES) Electrons or Electrons Chemical composition

X-ray photons

Electron energy-loss spectroscopy (EELS) Electrons Electrons Chemical structure
Adsorbate binding

Electron microprobe (EM) Electrons X-ray photons Chemical composition

Secondary-ion mass spectrometry (SIMS) lons Ions Chemical composition
Chemical structure

lon-scattering spectroscopy (ISS) lons lons Chemical composition

and Rutherford backscattering Atomic structure

Laser-microprobe mass Photons Ions Chemical composition

spectrometry (LMMS) Chemical structure

Surface plasmon resonance (SPR) Photons Photons Composition and concentration
of thin films

Sum frequency generation (SFG) Photons Photons Interface structure, adsorbate
binding

Ellipsometry Photons Photons Thin-film thickness
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Electron and ion
Ultra high vacuum (UHV)

SOURCE DETECTOR

Excitation beam Beam Detected

Excitation

X-ray photoelectron spectroscopy (XPS)
UV photoelectron spectroscopy (UPS)
Auger electron spectroscopy (AES) Electrons
Low-energy electron diffraction (LEED) Electrons
High resolution e” E loss spec. (HREELS) Electrons
Rutherford backscattering (RBS) H+ or He+
Secondary ion mass spec. (SIMS) lons
Laser desorption mass spec. (LDMS) Photons

Photons(X-ray)
Photons (UV)

Detection

Electrons

Electrons
Electrons

Electrons

Electrons

H+ or He+
lons

lons



Scanning probe technigues

Y Surface structure, manipul ati on

-Mi croscopy: a sharp tip close to t
force and so on Y STM, AFM and sc

SSimi |l ar 1 dea: NSOM ( Near field sca
small-diameter optical fiber close to the surface (diameter/distance
< wavelength of the light) Y i mac
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)




