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,(0d made solids, but
surfaces were the work of
the Devil”

Wolfgang Pauli




What does It
mean

surface?
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The density of silicon is 2.33 g/cm’. The mass of
a silicon atom is 4.664 x 1023 g. The number of
silicon atoms in a cubic centimeter is 4.99 x 102
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Does the
surface
matter?



A FINFET with one atomic layer channel
Mao-Lin Chen et al., Nature Communications 11, 1205 (2020)
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Image by the Institute of Metal Research, Chinese Academy of Sciences, Shenyang, China
https://english.cas.cn/newsroom/research_news/tech/202003/t20200310 230971.shtml




Surface-induced effects in GaN nanowires
Raffaella Calarco, Toma Stoica, Oliver Brandt, Lutz Geelhaar
J. Mater. Res., 26, 2157 (2011)

unperturbed core
d =dcrit d <dcrit
r'y (D
N\
10°
| dg = 0.555 eV e
—~ 106! ° 7.3 —afF .
< ,fNp=625x10""cm™ o/ = "
g W3 T
= 1043;’ UV-light / [/ ®dark
S [
surface depletion layer < 10°l ’ :
‘(5 { S A
— €10} ’ |
! |
- o / -
for GaN n-type nanowires To RS F SRS
I — 17 -3




Outline

« Introduction
* Methods:
Electron microscopy
Scanning probe microscopies
Electron spectroscopies
Diffraction methods
lon techniques
Surface-sensitive optical techniques

* Summary, literature



Surface description: Bravais lattices

5 2-dimensional Bravais lattices

(14 3-dimensional Bravais lattices)
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Surface description: Miller indices
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For a hexagonal structure
3, 2} - aset of parallel planes (h, k, -h-k, 1)
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Atomic structure of surfaces - examples

Face-centered cubic crystal
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Body-centered cubic crystal
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Surface structure description - notations
Wood’s notation
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Surface Science. An Introduction

K.Oura et al.

Example: Si (111) surface
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Electronic structure of the surface
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Electronic structure of the surface (cont.)
Brillouin zones

Reciprocal space
(k-vector) T (100)
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Electronic structure of the surface (cont.)

Relaxed GaAs(110)
[ Theory
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GaAs(110)
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A. Zunger, Phys. Rev. B 22, 959 (1980)



What do we want to know about
surfaces?

* Morphology

» Chemical composition (cleanness, presence of
Impurities, their surface and depth distribution...)

e Atomic structure
e Electronic structure
 Electronic/electric properties

 Optical properties



Warning! The surface may easily be modified!

Pressure Mean free Arrival Monolayer

(hPa) path rate arrival time
(cm2s1)

1000 700 A 3x102%3 3ns

103 5cm 4x10%7 2 ms

109 50 km 4x101 1 hour

Surface Science. An Introduction

K.Oura et al.

1 ML - 10% cm-?, sticking coefficient = 1

Pressure of the order of 10-1° hPa is necessary for
studying pristine surfaces!



How to extract the signal coming
from the surface?

photons electrons
_ 0.5-5 nm
We have to find a 100-500 ”mI
proper ,,probe”
or
photons

photons
a proper surface-related



What can be a surface sensitive
,»probe’?

e Electrons

Short escape depth

Escape depth

©
3,

) . E kin.=20 ¢V | E kin.=80 ¢V
Available techniques: o2t — TP
Kinetic energy

*Microscopy

Diffraction (LEED, RHEED)

W. Monch ,,Semiconductor surfaces and
interfaces” 1993

*Spectroscopy (photoemission, Auger electron spectroscopy)



What can be a surface sensitive
,probe” (cont)?

lons

» Scattering (n.p. RBS)

Increased surface sensitivity for selected crystallographic
directions (channelling)

» Surface sputtering (SIMS)

» Photons
» Surface differential spectroscopy

« X-ray diffraction
Increased surface sensitivity for glancing incidence



Microscoples
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Scanning Electron Microscopy (SEM)
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Electron detection in SEM

Objective

SE (L)

STEM DF

\

BSE |
> STEM BF

F:

Energy



o Z N Te nanowires




Scanning Tunnelling Microscopy (STM)
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Scanning Tunnelling Microscopy (STM) (cont.)

+=GaN (0001)

&
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GaN(0001)- (1x1)




Scanning tunnelling microscopy (STM) (cont.)

Filled and empty electronic states in STM images of Si(111)-7x7 upon deposition of
0.05 ML of Ta. (P. Shukrynau et al. Surface Science 603, 469 (2009))




Scanning tunnelling spectroscopy (STYS)
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Atomic Force Microscopy (AFM)

Laser .
diode @, tapping A
= mode repulsion
Detector —
w.contact
mode | distance
attraction
noncontact v

mode

scanner

Forces:
1. Repulsive force, due to the Pauli principle (z < 0.1 nm).
2. Force due to the binding between atoms (z = 0.1-0.4 nm).

3. Attractive van-der-Waals force (long range, dominating for z
> 0.5 nm).

4. Electrostatic forces (long range, dominating for z > 0.5 nm).

5. Attractive capillary forces (long range, larger than van-der-
Waals force) additionally occur in non-UHV environments.

sjhsrc.wikispaces.com



Si(111)-(7x7)
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Atomic Force Microscopy (AFM) (cont.)
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Kelvin Probe Force Microscopy (KPFM)

Principle of Kelvin probe experiment
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Electron
Spectroscopies



Auger electron spectroscopy

Auger electron
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Primary electron energy: up to 3kV

Resolving power: E/AE > 145




Modes of AES spectra
acquisition:

Integral

differential
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dN(E)/dE (arb.u.)

Auger electron spectrum of a ZnO layer

grown by ALD
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Auger electron spectroscopy:

1. Analysis of the sample surface composition - detection of
all elements except hydrogen and helium

2. Simple interpretation of spectra - a large database of
reference spectra

3. Quantitative analysis possible - especially by comparison
with standards

Gas phase CKW)
4. Possibility to analyze the 2D or 3D _ "J\/\L
distribution o

5. Sometimes spectra are sensitive to
chemical bonds
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-

Electron energy (eV) |




Photoemission spectroscopy
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Photoemission needs Ultra High Vacuum (UHV)!

atom.ik-pan.krakow.pl



Surface preparation
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X-ray Photoelectron Spectroscopy (XPS)
or Electron Spectroscopy for Chemical Analysis (ESCA)

XPS: hv>1000 eV; hv =1000eV — k =0.506 A1
X-ray source: Al K, ,- 1486.6 eV
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CdTe(111)A - oxidation
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Intensity (arb. units)
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Angle-resolved photoelectron spectroscopy
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Angle-resolved photoelectron spectroscopy of surface
and bulk states
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Beamline 13
MAX-lab, Lund University, Sweden

Energy
analyzer




Beamline URANOS
NCSR SOLARIS, Jagiellonian University, Krakow, Poland

Elliptically polarizing quasiperiodic undulator of APPLE
Il type

Monochromator combining normal (NIM) and grazing
incidence (PGM) optics (the photon energy range
of 8-100 eV)

3 * SCIENTA OMICRON DA3O0L photoelectron spectrometer
: .« The energy and anguldr resolution: 1.8 meV and 0.1°
e Temperature range 10 — 500 K
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Topological crystalline insulator Pb, ;-Sn, ;;,5e, T=87 K, hv=18.5 eV
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Theory-

P. Dziawa, B. J. Kowalski, K. Dybko, R. Buczko, A. Szczerbakow, M. Szot, E. Lusakowska,
T. Balasubramanian, B. M. Wojek, M. H. Berntsen, O. Tjernberg, T. Story, Nature Materials 11, 1023 (2012)
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Diffraction
methods



Surface X-ray diffraction

X-ray total-external-reflection-Bragg diffraction: A structural study of the
GaAs-Al interface

W. C. Marra, P. Eisenberger, and A. Y. Cho
Bell Laboratories, Murray Hill, New Jersey 07974

(Received 19 March 1979; accepted for publication 8 June 1979)

A new technique utilizing conventional x-ray diffraction in conjunction with total external
reflection has provided a powerful tool for studying ordered interfaces and surface phenomena. It
has been used in this work to study the details of the interface region of a molecular beam
epitaxially grown Al single crystal on a molecular beam epitaxially grown GaAs single-crystal
substrate. A simple model including variations of the lattice parameter and disorder in the
interface region is in agreement with these experimental results.

J. Appl. Phys. 50(11), November 1979

INTENSITY (ARBITRARY UNITS)

Needs strong X-ray beam —
usually from a synchrotron!

Q{2mra)

Al(415 ML) on GaAs




Surface X-ray diffraction (cont.)

Dehydrogenation of Liquid Organic Hydrogen Carriers on Supported
Pd Model Catalysts: Carbon Incorporation Under Operation Conditions,
Ralf Schuster et al., Catalysis Letters 148, 2901 (2018)

Experiment V. SXRD ., Experiment VI SXRD
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Construction of the Ewald sphere
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Low-Energy Electron Diffraction (LEED)
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Low-Energy Electron Diffraction (LEED) (cont.)
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Reflection High-Energy Electron Diffraction (RHEED)
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lon scattering
methods



Rutherford Backscattering Spectrometry (RBS)
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Secondary lon Mass Spectrometry (SIMS)
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Optical methods



Reflection Anisotropy Spectroscopy (RAS)

Xe lamp signal
"<’ (a)
-4
o
E
(b)
f
polariser analysis
Ar 5
v o r
linearly elliptically
polarised polarised

: ,. ' SN _—* “ Ji‘
An MOCVD reactor with the RAS system
Institute of Semiconductor and Solid State

Physics, University of Linz, Austria

&)/

Tro11] — T[011]

[100]

i

[011]

S

-~ 4

Re(Ar/r) / 1073

o

I
ul

LA B N I N N B B

-10

In-rich
(2x4) reconstructed
InP(100) surface

T T T T | T T T T | T T T T
| —— Clean
| —— 28 kL H>0
- —— Annealed

300 K

v
1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 l 1 1 1 1

2 2.5 3
Photon energy / eV

3.5

IS

(¥T02) 2£06T ‘STT D "wayD 'shAud 'r “1e 10 ke "“W'IN



Summary
We can test various surface properties using:

Electron microscopy (SEM)

Scanning probe microscopies (STM, AFM)
Electron spectroscopies (XPS, ARPES, AES)
Diffraction methods (X-ray, LEED, RHEED)
lon techniques (RBS, SIMS)

Surface-sensitive optical techniques (RAS)

and many others...
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